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ABSTRACT

NANOSTRUCTURED MATERALS FOR BIOLOGICAL IMAGING
AND CHEMICAL SENSING

Adem Yildirim
PhD. in Materials Science and Nanotechnology
SupervisorProf. Dr. MehmeBayade
November 2014

In the recent yearsthe design and synthesis of fluorescent nanoparticles for
biological and chemical sensiagplicationshave received considerable attention due
to the excellent photostability and emission intensity of fluoneisnanoparticles and
the intrinsic sensitivity D fluorescence based methodalthough considerable
progress has beenadein their synthesis, thers still need for lowcost and high
throughput methods for their widespread utilization in biological &edcal sensing
applications. In addition, studigggarding their biocompatibilityare necessaryto
idenify the toxicological potentiabf these nanomaterials

In this context, this thesis seekew methodsfor multifunctional fluorescent
nanoparticlesynthesisand investigatesheir interactions witHiving organisms. In
addition, it reports the applications of tflaorescentnanomaterials in biological
imaging, therapy and chemical sensing applications.

First, we report a selissembly method to prege PEGylated or peptide
functionalized mesoporous silica nanoparticles (MSNs) for cell labeling and drug
delivery applicationsThe good cyteand blood compatibility of the functionatied
nanoparticles werdemonstrated. Next, we demonstdeesurfactat assisted method

to synthesize ultrabright silica nanoparticles and studied their vitro



cytocompatibility with several cell lines. We demonstrated the applications of
ultrabright particles in cell labeling, chemo and photodynamic therapy and trace
exposive sensinglhen, we discuss a templdteemethod (porosity difference based
selective dissolution strategy) to prepare-gafiinescent mesoporous hollow silica
nanoparticles with tailored shagpén addition, we studied the surface effects on blood
compatibility of nanopatrticles in detail using the MSNs possessing different surface
functional groups (ionic, polar, neutral, and hydrophobic). Finallynwestigatedhe

optical properties of polydopamine nanoparticles and showed that fluorescersce of
prepared polydopamine nanoparticles can be used for sensitive and selective detection

of thedopamine neurotransmitter.

Keywords Fluorescent nanoparticles, mesoporous silica, polydopamine, blood
compatibility, cytotoxicity, fluoregnt imaging, chemotherapy, photodynamic

therapy, explosive sensingeurotransmitter sensing



OZET

BKYOLOJKK G¥R! NT! LEMBENSORKKMYASA
UYGULAMALARI K¢ KN NANOYAPI LI MALZEMEL
GELKKTKRKLMESK

Adem Yildirim

Malzeme Bilimi ve NanoteknolgjDoktora

Tez Yoneticisi:Prof DrrMe hmet Bayéndeér

Ka s,20t4
Son yéll arda, biyol oj ik ger¢é¢nt ¢l eme v
kull anél mak ¢ zer e infsentezi dleresans yoraemlerpm gliksek k ¢ | |

hassasiyetlergien ve floresan nanopartikillermikemmelf ot ok ar ar | €l é Kk

Ki ddetnldeorliarydkee ol duk-a fazl a Il gi - ek mek
konusunda bugine kadac i d d i il erl emel er ger - ekl ek
nanoparti k¢l Ilmai al grelna rké uchyagle miskékaverienli i - i n
y°ntemlerin geliktiril me8oresaenanopattikifean- v ar ¢
toksi k potansiyellerin ayréenteéeleé ol arak
dojabilecek istenil meyen et kiohemldirn °n¢ne
Bu tez, asél olarak -ok fonksiyomd u fl o
basit y°ntemlerin geliktiril mesi ve ¢ret

il e uyumlul ujunun arakterel maséeé K,zerin:

nanopartike¢gll erin biyolojik g°re¢nteél eme,
uygul amal aréeda rapor edil mektedir.

KI'k ol ar ak, kendi |l iJinden [|polietilenglikch y a ge
(PEG veya keésa iledfonksiydndize edelpmii Kk | enez ook | ukl
nanopartike¢ll er ( MSN) h¢e¢cre |1 kar edal e me
kull anél mak czerazsrelndrean e nprairkttiikre.l | er i1
uyumlulukl arée g°steril mimdligkg¢ |Daghea nd aygnarra
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oldukcaparlak silkan anoparti k¢l lvea i mu hmaeop amtmals &1 |

h¢cre -exitleri il e Oldnaartkilleyinhnglculeu Ji K ag °est tl
kemo ve fotodinamik t er ap i ve ©patl algrééc ér atpeotr.pi@di |u
Bunlara ek olaraknampar ti k¢l | er i n napgpartkillerinkkarmy a s € n
bil exielnd ewuyuml uju ¢zerine etkisi yézeyl e
pol ar, neteg¢r vV e hidrofobi k) fMOSNNkdsr i y o n el
kul | anyérleanrtagkl éa ol ar ak i nidopadmm namopartikillerin S o n
optk ©zel I i kl er i i ncel enmi K vV e yeni hazeéer
floresan °zellikte ol duj u nanpartikirliul knuinkut,i r
dopamine n@rotransiterinin has a s Ve se-ici edilmesindxk eki | d
kull anél mékteéer .

Anahtar kelimelerF1 or esan nanoparti k¢l er, mezobo
h¢gcre uyumlul uj u, fl oresan g°re¢nt ¢d eme,

tespiti, ndrotransmitter wPiti
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Chapter 1

Introduction

The design and synthesis of flescent nanmarticlesis arapidly growing research
field andis promising foapplicationgangingfrom molecular anaellularbioimaging
to chemical sensing ofariousmolecules[1-3]. The most common methddr the
preparation ofluorescent nanoparticlés conjugating théluorescent roleculeswith
nanoparticles. In this contextarious nanoparticles produced from a wrdageof
materialshave been employed; silica, iron oxide, gold, silverbcar metal oxdes,
polymers and so o]. Conjugation of fluorescent materials into nanoparticles offers
many advantages over their direct usech as improved photostability, emission
intensity and solubility in watdb]. Beside from conjugation methpdnother way to
prepare fluorescent nanoparticles is to use intrinsically fluorescent materials
nanoparticle synthesisuch as conjwuged polymers, quantum dotsetalnanoclusters
etc [6-8].

Additional features can be provided to the fluorescent nanoparticlesdif$ergnt
material compositions. For instance, fluorescent mesoporous silica nanoparticles
(MSNs)can be used farontrolleddelivery of drugsnto the cells-owing to their high
surface area and pore volunmand at the same time for imaging of theipos of
nanopatrticles inside the cellnotherwell-knownexample is the superparamagnetic
iron oxidenanoparticlecontainingcore/shellfluorescent nanoparticlewhich can be
used for dual fluorescent and magnetic imaging of tumors. Furthermore, such

multifunctional fluorescent nanoparticles can be targeted to cancer cells by modifying
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their surfacesvith the molecules that arepscific to the overexpressed receptors of
cancer cellge. g.antibodies, folic acid, and peptide sequen@e)rderto improve

the efficiency of nanoparticle based therapies. In the last two decades, we witnessed
many successful demonstrations of suchtifaactional fluorescent nanoparticles in
especiallythe field ofbiotechnology. More detailed information on this subgesn be

found in the previouseviews[9-11].

In this thesis, we focused dhe design andsynthesis of novel multifunctional
fluorescent nanoparticles fbroimaging and chemical sensing applications. We also
demonstrated the promising potential of the preparecnalt in the chemoand
photodyamic therapy of cancer and in drug deliveryphgpations. In addition, we
studied their biocompatibility in terms ototoxicity, hemolytic activity, noispecific
protein adsorption, dispersibility in biological media atheir blood coagulation
initiation/inhibition ability.

This thesis is organizein eight chapters. Chapter 1 gives the motivation of this
thesis and its organization. Chaptei 2eportsthe published or to be published
outcomes of this thesis. Chapter 8 gives teegal conclusions

In Chapter 2, we describe a facile setlsembt method to prepare PEGylated or
peptide functionalized fluorescent silica nanoagents using hydrophobic mesoporous
silica nanoparticles and an amphiphilic PEG containpagymer or peptide
amphiphilesWe used them for cellular labeling. In addition, wevséd the excellent
dispersibility in biological media, good cytand blood compatibilities and improved
cellular uptake of these surface engineered fluorescent nanoparticles.

In Chapter 3,we report the synthesis of silica capped ultrabrigt8Ns with
reduced cytotoxicity. We prepared the ultrabrighflSNs by surfactant assisted
encapsulation of Rose Bengal dgside the pores of MSN®ores of the dye doped
MSNswere capped with a dense silica layergdducethe dye and surfactalgakage
We studied thie optical propertiesin detail and demonstrated the ealbeling
applicatiors of these particles. In addition, synergetic cheraod photodynamic
therapy of cancer cells withltrabright MSNs was showed. Furthermore, the

compatibility ofthe particles vith red blood cells were studied.



In Chapter 4, we descrilibe preparationfopyrene confinedMSNs for the trace
detection of trinitrotoluene (TNT) in agueous phase. Pyrene conff&ds were
prepared usinthe surfactant assisted encapsulation metlesdribed in the previous
chapter We demonstrated thitight pyreneexcimer emission of the particles exhibit
a rapid, sensitive and visual quenching response against TNT.

In Chapter 5ywe explaina templateless method to prepsed-luminescentollow
MSNswith tailored morpholog. Themethod is based dhe selective dissolution of
porous cores of solid &h shellmes@orous silica core meparticles in mild
conditions (PBS or water)Using this method we prepared hollow and mesoporous
silica nanosperes and nanorods with different shell thicknesses. Also, we dekaribe
general method to prepare skiininescent hollow particletn addition, we proposed
a mechanism for selective dissolution of porous cores of the core/shell nanoparticles.

In Chapte 6, wesystematically evaluatlbe impacts of surface chemistry on blood
compatibility of MSNs We investigated thenteractions of a series of MSNs
possessing different surface functional groups (ionic, polar and hydrophobic) with
blood constituents, irterms of their hemolytic activity, thrombogenicity, and
adsorption of blood proteins on their surfaces. Also, we prepared Rhodamine B dye
conjugated fluorescent MSNs to observe the effect on fluorescent tagging on blood
compatibility.

In Chapter 7, we ppmosea turnon fluorescent nteod for rapidand facile
detection ofdopamine, which isthe principle biomarker for diseases such as
schizophrenia Hunt i ngt on' s The aetltbd i® basdd iom situn 6 s .
formation of fluorescent polydopamine nanopaes (demonstrated for the first time
in this study) under basic conditions.eVétudied than situ optical properties of
polydopamine nanoparticles order to determine optimum experimertahditions
Under optimized conditionswe demonstratedhe high sensitivity (40 nM) and
excellent selectity of the assay.

Finally, in Chapter 8, we give the general conclusemd$major outcomes of this

thesis andhe potential future applications.



Chapter 2

A FacileSelAssemblyMethodto
Functionalize N6Ns withPEGand Peptides

2.1 Introduction

The high surface area and pore volume, good chemical stability and ease of surface
functionalization of mesoporous silica nanoparticles (MSNs) make them promising
materials for biological @plications asioimaging, cell labeling and drug delivery
agents[12, 13] In addition silica based materials are generally accepted as
biocompatible materials by the U.S. Food and Drug Administration (FDA). i#ewe
recent studies demonstrated their poteirigitro andin vivotoxicity, especially when
their size is reduced to the nano sdqake, 15] Although the toxicity of silica based
nanomaterials depends on sealefactors including particle size, shapjrface
chemistry and porositji 6-18] there isa general consensus that chemical structure of
the surface is the predominant factor which determines the interaetithbiological
systemg19]. The surface of bare silica is covered with negatively charged silanol
groups, which can electrostatically interact with positively charged tetraalkyl
ammonium moieties of the cell membram®d can lead to cytotoxicity by
membranolysis or inhibition of cellular respiratid®, 20] Also, rapid aggregation of
silica based nanopatrticles in biological media can result in mechanical obstruction in

the @apillary vessels of several vital organs, leading to organ failure and even death



[21, 22] Therefore, replacing the surface silanol groups with biocompatible molecules
Is essential to improve the biocompatibildyMSNSs.

Among numerous polymeric or organosilane surface modification ligands,
polyethylene glycol (PEG) is the mostly used one due to its well established
biocompatibility, hydrophilicity, and antifouling properti23]. However, the
PEGylation process has some limitations; (i) it mostly requires tedious organic
synthesis and surface modificat [24] and (ii) pores of MSNs may be closed by the
long PEG polymer chains, wdih can hinder the drug loading proceBsside from
biocompatibility surface modification of MSNs important in terms amproving the
efficiency of MSN based therapies. Mdation of the MSN surface with polymers
[25, 26] (e.g. polyethyleneimineand zwitterionic copolynts) or biomoleculeg27-

29] (e.g.folic acid, antibodies, peptid¢has been provetb be an effective way to
improve the selectivauptake of MSNs byancer cells which is highly desired for
cancer diagnosis and therapy applicatidnsparticular, short peptide chains have
attracted a great deal of attention in recent years because of their tunable functionality,
biodegradability, andelative ease ofynthesid30-32]. It hasbeen shown that short
peptide sequences.. RGD and 11-:13) can be used for targeting nanoparticles to
specfic cancer cell line$33-36]. In addtion to targeting properties, some peptide
sequencese(g. TAT peptide) demonstrated cell penetrating and endosomal escape
properties[37, 38] Also, the biodegradability of peptides makes them suitable for
beingutilized as stimuli responsive gatekeepergontrolled drug releas®9] and
linkers in FRET based diagnostigt), 41] Conventionally, peptides are covalently
attachedto the silica surface by using additional crbe&ing reagents and
troublesome synthetic methods, which results in poor surfadgngralensity and
costly synthesis of functionalized materigdd, 39, 42]

To overcome these limitations both PEGylation and peptide modificatjdrere
we report a facile sefissembly method using octyl modified hydrophobic MSNs
(OMSNSs)with pluronic polymers (for PEGylation) of peptide amphiph{leas) (for
peptide modificatia). Pluronic F127, a FDA approved biocompatible polymer,
contains two hydrophilic PEG blocks and a hydrophobic polypropylene oxide (PPO)
between the two PEG blockgas used for PEGylatio3]. When the powder of
hydrophobic MSNs is added into the F127 solution they are easily transferred into



water by selfassemblyof F127 molecules onto the MSN surface through the
hydrophobic interaction between the PPO blockti27 and surface octyl groups of
the MSNs Figure 21). Similarly, PAs spontaneous covble surfacesf OMSNSs (for
peptide caseanoparticlesare labelled with fluorescein dye for uptake studias)
agqueous media through hydrophobic interactions betweengrotybs 0lOMSNs and
alkyl chains of PAgFigure 2.J).

In the first part of the stugwe preparedargo(dye or drug)oaded and PEGylated
MSNs by loading the hydrophobic MSNs before the F127 capping process. The F127
capped particles are dispersible in both water and phosphate buffered saline (PBS),
whereas uncapped MSNs are easily aggregated and precipitated. The improved
biocompatibility of F127 capped MSNs was demonstrated using cytotoxicity,
hemolytic activity and thrombogenicity assays. Lastly, cargo release kinetics of
PEGylated MSNs was invegtited.The cago release from PEGylated MSNs sva
very slow which make them a promising candidate for bioimaging and cell labeling
studies.

In thesecond part of the studyevgelected two model PA moleculesith different
chages, to functionalize MSN&ith peptides Theglutamic acid and lysine resids
on the PAs provide negatiand positive charges the hybrid system, respectively
(Figure 2.2. The unmodied MSNs were synthesizedorder to compare withgptide
functionalized MSNs. Theffect of geptide functioalization on cell viability and
uptake was investigadeby using human umbilical veiendothelial cells (HUVES)
and a vascular smooth musckl line (A10). All of the M3 systems demonstrated
good cytocompatibility with both cell lines upo a concentratiomf 200 mgmL.
Interesingly, we observed a remarkalierease (1.8 to 6.3 fold) the cellular uptake
of peptidefunctionalized MSNs copared to bare MSNs depending thre surface
charge of PAs as well as the cell type.

These workspublishedon the Chemical Communicationf2013,49, 97829784
and Journal of Materials Chemistry(8014,2, 21682174 journals.Reproduceavith

permiesion from The Royal Society G@hemistry
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Figure2.2: Chemicalstructures of the peptide amphiphile molecules used in this study.

2.2 Experimental Section

Materials Tetraetyl orthosilicate (TEOS), octyltriethoxysilane (OTS),
aminopropyl triethoxysilane (APTESImmonium nitrate, and hydrofluoric acid (KHF)
sodium hydroxidglauric acid wergurchased from Mercleluorescein isothiocyanate
(FITC), cetyltriammoniumbromide(CTAB) ethanol, pluronic polymer (F127),
ethanol, hydrochloric acid (37%) (HCI), and doxorubicin hydrochloride (D@efe
purchased from Sigm&ldrich. Dimethyl sulphoxide (DMSO), methanol, and



isopropanol (IPA)were purchased from CarleErba. TetrahydrofuraifTHF) weas
purchased from Labkim. 9-Fluorenylmethoxycarbonyl (Fmoc)and tert-
butoxycarbonyl (Boc) protected.-amino acids, [4 4 2 édim&thoxyphenyl)
Fmoaminomethylphenoxy] acetamidonorleucMBHA resin (Rink amide MBHA
resin), and A1H-Benzotriazoll-yl)-1,1,3,3 tetramethyluronium hexafluorophosphate
(HBTU) were purchased from NovaBiochem and AB@R.reagents and solvents
were used as provided.

Synthesis of MSN30 synthesize OMSN, first 200 mg CTAB and 5 mg F127 were
dissolved in 96 mlof deionized water and OriL of 2 M NaOH was addedhen the
reaction mixture was heated to 8Dwhile stirring vigoraisly (600 rpm) and fnL of
TEOS was rapidly added under vigorous stirring (600 rgtfigr 90 min, to prepare
the octyl containing shell, 0.25 mL of OTS was dissolved in 10 mL THF and slowly
added to the reaction mixturEhe mixture was further stirredrf8 h. Finally, reaction
mixture was cooled down to the room temperature, particles were collected by
centrifugation at 9000 rpm for 20 min and washed with ethanol twice. Surfactant
molecules were extracted by stirrinige particles in 50 mL of 20 lg/ethanolic
ammonium nitrate aé0 °C for 30 min This treatment repeated twice to ensure
complete surfactant removalaicles were washed witmethanoltwice afterwards
and dried at 50C overnight. MSN was synthesized without the addition of OTS; other
paraneters were same with thel@SN synthesis.

Synthesis of FITC labelled MSNBs order to synthesize FITC labelled MSNs, first
2 mg of FITC conjugated with 10 pL of APTES in 1 mL of EtOH by gently stirring
for 24 h. This solution was added to the reactioxture right after the TEOS addition.
Other parameters were same with the MSN synthesis.

Synthesis andharacterization of peptide amphiphileotecules While positively
charged peptide amphiphile was constructed on MHBA Rink Arfddg® mmol/g)
resin, negatively charged peptide amphihpile was constructed on -&twé/ang
(0.64 mmol/g) resinAll amino acid couplings were performed with 2 equivalents of
Fmoc protected amino acid, 1.95 equivalents of HBTU and 3 equivalents ef N,N
diisopropylethylamine (IEA) in DMF for 2 h. Fmoc deprotections were performed
with 20% piperidine/dimethylformamide (DMF) solution for 20 nfileavage of the

peptides from the resin was carried out



triisoproplysilane (TIS) : water in the ratio of 95 : 2.5 : 2.5 for 2 h. Excess TFA was
removed by rotary evaporation. The remaining viscous peptidecsolastreated
with ice-cold diethyl ether and the resultingnite pellet was freezdried.

Characterization of MSNg ransmission electron microscopy (TEM) images were
taken using a Tecnai G2 F30 (FEI) microscope. Average particle amkzeta
potentalsof MSNs were measured with Zetasizer Nanoseries (Malvern Instruments).
Surface area and pore volume of the particles were determined usifg iQ
(Quantachrome). Before measurements, all samples were degassed at 150 °C for 24 h.
Thermal gravimetric anades (TGA) were performed with Q500, (TA Instruments).
Fourier transform infrared (FTIR) spectra of particles were recorded by using a Fourier
transform infrared spectrometer (FTIR, Vertex 70, Bruker). Optical absorption
measurements in cytotoxicity and halgsis assays were carried out using a
Microplate reader (Spectramax M5, Molecular DevicEg)orescence spectra of the
particles were recorded layFluorescence Spectrophotometer (Eclipse, Varian).

Characterization of peptide amphiphileohacules The peptide amphiphiles were
identiyed and analyzed by rever-Bamss@hase
TOF LC/MS equipped with an Agilent 1200 HPLC. An phenomenex Luna 3u C8
100A (50 x 3.00 mm) column as stationary phase and water/acetonitrile gradient wi
0.1% volume of formic acid as mobile phase were used to identify positively charged
peptide amphiphile. For negatively charged peptide amphiphile, an Agilent Zorbax
ExtendC18 (2.1x50 mm) column as stationary phase and water/acetonitrile gradient
with 0.1% volume of ammonium hydroxide as mobile phase were used. The positively
and negatively charged peptide amphiphiles were purified by using 1200 Agilent
HPLC on Zorbax 300SB C8 (21.2x150 mm) PrepHT and Zotbaend C18
(21.2x150 mm) PrepHT column, respieely.

F127 capping of OMSN25 mg ofOMSN was dispersed in 50 mL of F127 solution
in water (5 mg/mL) by sonication and stirring. The dispersion sonicated for 15 min
and afterwards stirred vigorously for 1 h. F127 capped particles were precipitated at
90 rpm for 20 min and redispersed in 50 mL of F127 solution in water (5 mg/mL).
Aforementioned sonication and stirring steps were repeated. Finally, particles were
precipitated and washed with water ghosphatéuffered salineg(PBS) twice to

remove the exess F127 molecules.



Peptide amphiphileapping of OMSNWhile 14 mg of eachpeptide amphiphile
was sonicated in 12 mL deionized watenng of OMSN was slowlyadded to the
system. Peptide amphiphiles adMSN were mixedwith a weight ratio of I7. They
were sonicated and vortexed for 3 h at RT. Solution was centrifugated at 5000 rpm.
After all portions were concentrated by centrifugation, they were rinsed with water and
centrifugated twice.

DOX loading and releasexperimentdn order to load DOX intthe pores of MSN
or O-MSN, 10 mg of particles were dispersadl. mL of DOX solution (7.5 mgaL)
in ethanol and shook at 300 rpm for 24 h. Then the particles were collected by
centrifugation. DOX loaded MSNs were washed with water twice to remove the non
adsorbed DOX molecute For VSN before precipitation 5 mg of F127 added into
the solution. DOX loaded OMSN were transferred into the water as described above
to produce DOX loaded F1Z3MSN. The amounts of adsorbed DOX were
determined by monitoring the fhlwiescence of DOX at 590 nfexcitation wavelength
is 488 nmafter etching the silica in 192 HF solution for overnight.

DOX release profiles of MSN and FIXZYMSN was determined by dispersing 5
mg of particles in 8 mL of PBS at pH 7.4 or pH 5.5 and eadition were separated
to 10Eppendorttubes. The tubes were shaken at 37 °C for 12 h and at different time
intervals one tube removed and centrifuged. The volumes of supernatants were
completed to 20 mL and fluorescence peak of DOX at 590 nm was maniisire) a
fluorescence spectrophotometer in order to determine the released DOX amount.

R6G loading and release experimentsorder to load R6G into the pores of MSN
or O-MSN, 30 mg of particles were dispersed.limL of R6G solution (7.5 mg/mL
in IPA and stirred at 60 °C for 2 days. Then the particles were collected by
centrifugation at 9000 rpm for 20 min. R6G loaded MSNs were washed with water to
remove the nomadsorbed R6G molecule®n the other hand, R6G loadedMSNs
were washed with water afteagping with F1Z since QSN is insoluble in water.
R6G loaded F12DMSN was prepared as described above using R6G loaded O
MSNs and washed with water before using in release experiments. The amounts of
adsorbed R6G were determined by monitoring the abearpeak of R6G at 526 nm
after etching the silica in 192 HF solution for overnight.

Cargo release profiles of the R6G loaded MSN and fTEN was determined
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by dispersing 10 mg of particles in 25 mL PBS (pH 7.4). The dispersions were stirred
at 37 °Cfor 48 h and at different time intervals small amount of samples were taken
and centrifuged. Then, amount of released R6G in the supernatants were calculated
using a U\WWVis spectrophotometer from the absorption peak of R6G at 526 nm.

Cell aulture for PEG/lated OMSNHuman breast adenocarcinoma cells (MQF

were grown to confluence at 3€ under 5% C®@i n Dul beccods Modi

Serum (DMEM) containing 1% penicillin/streptomycin, 10% fetal bovine serum
(FBS) and 2nM L-glutamine.

Cell viability tests fo PEGylatedOMSN: Cells in the logarithmic growth phase
were washed once with PBS, trypsinized and resuspended in fresh medium. The cells

were seeded in 9%ell plates at 5 x T0cells/well. After 24 h of culture, the medium

T

was removed by aspirationaredlp | aced with 100 €L of fresh

or F1I2ZZOMSN at concentrations of 100, 250,
24 or 48 h. The cytotoxicity of particles was determined by t(4 3dimethy}2-
thiazolyl)-2,5-diphenyltetrazolium bromidéMTT) reduction assay (Sigma, Aldrich).

At least two well columns containing cells without the particles were used as a@eegati
control. MTT reagent (5 mg/mLcontaining medium was added to each well, and the
plates were incubated in the dark for 4 h @@ After incubation, medium was
removed and the resulting purple formazan crystals were dissolved by adding medium.
Then the optical density was measured at 570 and 680 nm by using a microplate reader
(SpectraMax, M5). The optical density of wells camitzg untreded cells was
considered as 100. All the experiments were performed in triplicate.

Cell culturefor peptide coated OMSNViability and uptake experiments were
performed by using human umbilical vein endothelial cells (HUVECs) and A10 rat
aortic smooth muscle cells (ATCC® Cat# CRL4 7 6 E) . HUVECs wer e
Yeditepe University, Istanbul, Turkey. HUVECs were purified as descf{ibe#5]
and characterized by staining with CD34, CD31, and CD90 suniatkers. These
cells were found to be positive for CD31 and CD34 but negative for CD90. A10 and
HUVEC cells were cultured in 75 énpolystyrene cell culture flasks with standard
medium, containing Dulbecco's modified eagle medium (DMEM) with 10% fetal
bovine serum (FBS), and 1% penicillistreptomycin and passaged at cell confluency

between 80 and 90% using tryp€tDTA. In all experiments, particles were
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administered in serum free medium (1% penicifiireptomycin containing DMEM)
to avoid any influencef serum proteins on the uptake mechanism.

Cell viability testdor peptide coated OMSNhe cell viability assay was performed
using Alamar Blue Assaginvitrogen). 5000 cells per well (HUVECs or A10) were
seeden a 96well plate in 100 mL of standardedium. Ater 24 h, thenedium was
removed and.00 mL of serum free medium waslded. 25 mL of freshly prepared
nanoparticle solutions in watat different concentrations were administered to have
final concentratias of 200, 100, 50, and 1@/mL. For cel viability tests, cells were
exposed to péicles for 4 h, then the mediumas changed to standard aiem and
the cells were furthencubated for 20 h. Then, AlamBlue reagent diluted to 10% in
DMEM was added. Aer 3 h,fluorescence at 570/612 nm (Eri) was measured
using a microplate reader (SpectraMax, M5).

Hemolysis assayEDTA stabilized human blood samples were collected from
volunteers at Bilkent University Health Center (Ankara, Turkey). Fresh blood samples
(3 mL) were centrifuged at 1600 rprorf5 min and RBCs were obtained after
removing the blood plasma. Precipitated RBC pellet was washed five times with 6 mL
of PBS and RBCs were dispersed in 25 mL of PBS. 0.2 mL of RBCs were placed in
plastic vials and 0.8 mL of MSN or FIZOMSN solutions inPBS at different
concentrations were added. Also, positive and negative control samples were prepared
by adding 0.8 mL of water and PBS, respectively. The samples were incubated at room
temperature for 2 h. Samples were slightly shaken once for everin36 nasuspend
the RBCs and MSNs. After incubation, RBC were precipitated at 1600 rpm and 200
pL of supernatants was transferred to an#8l plate to measure the absorbance of
released hemoglobin, from damaged RBCs, with a microplate reader at 570 nm.
Absorbance at 655 nm was recorded as reference. Hemolysis percentages of the RBCs
were calculated using the following formula;

% Hemolysis = (abs of sampéds of negative control) / (abs of positive control
abs of negative control)

Percent hemolysis valuegere calculated from three separate experiments.

Blood clotting assayFor PT and aPTT measurements, human blood samples were
collected to citrate stabilized vials from volunteers. Plasma samples were freshly

prepared from the blood samples and immebjiatsed in the experiments. 50 pL of
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MSN or F1270OMSN solutions in PBS were added to the 450 pL of plasma samples,
and incubated for 5 min at 37 °C. Final particle concentrations in the resulting solutions
were 0.1 and 1 mg/mL. After incubation, particlere removed by centrifugation and
50 uL portions of supernatants were used to measure PT and aPTT values using a
semtautomatic blood coagulation analyzer (Tokra Medikal, Ankara, Turkey). Also,
control measurements were performed using 50 uL PBS. AInBRBTT values were
calculated from three separate measurements.

Uptake studiesi3 mm glass coverslips were placed in 24 well plate, 40000 cells
(HUVEC or A10) in standard medium (DMEM with 10fBS, 1%PS) were seeded
in each well on coverslips. After Zdmedium was discarded, 4QQ of serum free
medium was added to each well. 100of bare or functionalized MSN patrticles were
administered to have a 2Q@g/mL final concentration of MSN. After 4 of
administration medium was changed to standard medAfter 20 h cells were
washed with PBS several times and fixed with 4% paraformaldehyde for 15 min. Then,
cells were permeabilized with 0.1% TritorX00(SigmaAldrich) for 12 min and actin
proteins were stained with PhalloidliRITC (SigmaAldrich) for 20min. Coverslips
were mounted on slides with Antifade (Invitrogen). Samples were visualized under
laser scanning confocal microscopy (Zeiss, LSM 510).

Flow Cytometer Analysist00000 HUVEC or A10 cd were seeded in each well
of 6 well plate in standard edium (DMEM with 10%FBS, 1%PS). After 24 h
medium wagliscarded, 1600 lpuof serum free medim was added in each well. 400
pL of bare or functionalized MSN particles were administered to have ad60.
final concentration of MSN. After 4h of adminisiat, medium was changed to
standard medium and cells were incubated forh2then washed with PBS and
trypsinized. Cells were collected by centrifugation and washed twice with PBS. Cells
were resuspended inmlL PBS and kept on ice before analysis. FIT@mmel is used
to analyze MSN patrticle uptake in flow cytometer (BD, FA@& Ill). Student's-t
testwas applied to all datasets atid difference between themaw accepted to be

statistically significantvhen p < 0.05.
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2.3 Synthesis and CharacterizatiohPEGylatedVISNs

Octyl modified MSNs (MSN) were prepared via respective condensation of
tetraethyl orthosilicate (TEOS) and octyltriethoxy silane (OTS) monomers in-a one
pot reaction45-47]. After polymerizatim of TEOS and formation of initial MSNs,
OTS monomers were added in order to obtain hydrophobic coatings on MSNs. Also,
for control experiments bare MSNs were synthesized without the @ddtiOTS.
Figure 2.3shows TEM images of the prepared MSNs. TheMAZl type ordered
hexagonal porous structure wasserved for bare MSN (Figure 2)3 Interestingly,
OMSN revealed bimodal pore structure; a randomly porous shell was observed over
the MCM-41 type porous cord-(gure 2.3h. The shell thickness was calc@dtto be
12 £+ 3 nm from the TEM images. Also, average particles sizes and particle size
distributions for both particles were determined from TEMges and given in Figure
2.4,

Figure 23: TEM images of mesoporous silinanoparticles. (a) Bare MSN, (b) and (c) OMSN,
and (d) F127O0MSN.
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Figure 24: Particlesize distributions of MSN andMSN which were calculated according to
the TEM images. Octyl modification significantly increased partsii® indicating octyl
containing shell formation.

Surface area and pore volume of the particles were calculated from the
adsorptio/desorption data (Figure 2.5)M3N revealed slightly lower surface area
(961.2 nt/g) and pore volume (1.01 éfg) compaed to MSN (1115.7 #g and 1.25
cm’lg). The decrease in the surface area and pore volume is the result of pore
narrowing after octyl modificatiofd5]. OMSN formed aggregates while drying on
the TEM grid, due to the hydrophobic irdetions between particles (Figure@.30n
the other hand, after coating with the pluronic polymer (FOB¥SN), particles are
well dispersed on the gridrigure 23d) indicating the formation of F127 coating on

particles.
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Figure 25: Nitrogen adsorption andesorption curves of MSN andMiBN. Octyl addition
slightly reduced the surface area and pore volume of the particles.

The fomation of F127 layer on particles svurther confirmed by TGA (Figure
2.6). For MSN, weght loss at 800 °C was only 8@3which is due to residual surfactant
molecules and dehydroxylation of silica surf§£®]. For OMSN, weight loss reached
to 18.8% due to the decomposition atyd groups. On the other hand, a large weight
loss (47.1%) was observed for FIOMSN. There are two sharp decreases in the TGA
spectrum of F122DMSN, which are corresponding to decomposition of F127 and
octyl groups.In addition, FTIR spectra (Figure 2.7f the particles clearly
demonstrated the successful octyl modification and F127 capping of MSNs.
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Figure 26: TGA spectra of MSN, ®ISN, F12Z0MSN and F127 polymer. After octyl
addition and F127 capping weight loss of tharticles gradually increased proving the
formation of octyl and F127 layer around MSNSs.

Transmission (a. u.)

—F127

— F127-OMSN
—— OMSN

— MSN

— T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 27: FTIR spectra of MSN, @SN, F1270MSN and F127 polymer showing
successful octyl modification and F127 capping of paicl
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Good dispersity in biological media is vitally important faleveloping
biocompatible and effective nanomaterials for biological applications, since
aggregated particles can induce toxicity in several organs and result in poor
pharmacokinetic$49]. The F1270MSN showed excellent dispersity in both water
and PBS (pH = 7.4) at a high concentration (1 mg/mL). The particle size distribution
in both media was almost identical and average gharsize was around 28nm
(Figure 2.8). The good aqueous dispersity of FIQNSN in highly salted media is
attained by and neionic and hydrophilic PEG blocks. On the other hand, MSN was
fairly dispersible in water at 1 mg/mL, with slightly broader size distribution than
F127-OMSN and an average particle size around 235fgufe 2.8. However, MSN
easily aggregated and precipitated in highly salted PBS media in a couple of minutes
at the same concentratioRigure 2.8inset). Therefore, a more dilute solution (0.1
mg/mL) wasused to retard the particle precipitation and particle size distribution of
MSN in PBS was determined. Even at this low concentration MSN formed large

aggregates and exhibited a broad particle size distribution with a large average patrticle

size of ~2 um(Figure 2.8.
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Figure 28: Dispersibility of MSN particles in agueous media. Size distributions of MSN and
F127-OMSN in water and PBS. Inset show the photograph of MSN (left) and GLVESN
(right) dispersions in PBS showitige colloidal stability of PEGylated MSNs.
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To test the stability of F127 coating, we precipitated the partictespved the
supernatant and 4dispersed them in PBS; this cycle was repeated for ten times.
Average particle size almost remained intadratiewashing cyclesKigure 2.9. The
good stability of the F127 layer is due to the strong hydrophobic ati@nebetween
octyl groups of SN and hydrophobic PPO block of the F127, which is stronger
than either hydrogen bonding or electrostatic irtsoas in highly salted solutions
[21].
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Figure 29: The average zeta size of FIQRMSN in PBS after several washing cycles. Even
after 10 washing cycles average patrticle size reeda@mmost intact indicating the good
stability of selfassembled pluronic layer.

2.4 Biocompatibility of PEGylated MSNs

In order to evaluate thén vitro cytocompatibility of the particles -@,5
dimethylthiazol2-yl)-2,5-diphenyttetrazolium bromide (NIT) cytotoxicity assay
was used between partidencentrations of 0.1 and 1 mgl. Figure 2.10ndicates
that both MSN and F120MSN are highly compatible with MCGF (human breast

cancer cell line) cells after incubation times of 24 or 48 h.
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Figure2.10: Cell viability results of MSN and F12@MSN after 24 and 48 h.

Blood compatibility of nanomaterials is a crucial issue when they are applied by
intravenous injection, a commonly applied route for dialivery[18, 50} It is well
known that interaction of MSNs with bloambnstituentanay cause serious toxicity
such as hemolysis of red blood cells (RBCs) and blood clot formation
(thrombogenicity [17, 51} Therefore, we investigated the hemolytic activity and
thrombogenicity of MSNs and F12ZIMSN using a hemolysis assd$7] and
measuring theiactivated partial thromboplastin tinfePTT) andprothrombin time
(PT) [51]. Hemolytic activity of the particles was monitored by measutiggt
absorpion (at 570 nm) of released hemoglobin from the lysed RBCs. MSN revealed
significant hemolytic activities of 5% at 0.25 mg/mland 56.86 at 1 mg/mL(Figure
2.113. Strong electrostatic interaction between negatively charged silanol groups and
positively charged trimethyammonium head groups of the membrane lipids can
cause membranolysis of RB(JS50]. Capping the MSNs with uncharged F127
molecules completely prevented the hemolytic activity even at high particle
concentration (1 mg/mL) by blocking theeetrostatic interaction of silanol groups
with the RBC membrand-{gure 2.11a Also, photograph of the MSN treated RBCs
show the released hemoglobin (red colour) to the supernatant, whereas no red colour
was observed for F120MSN treated cellsHigure 2113 inset). PT an@PTT test are
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applied to investigate extrinsic and intrinsic blood coagulation pathways, respectively.
The PT and aPTT results of the particles at low (0.1 mg/mL)h&gtd (1 mg/mL)
concentrationsevealedthat all the values are in thhenormal range Figure 2.11b

[50]. It is well known that some dry and porous silica materials can activate the
coagulation cascade due to their high absorption capal&tigsOn the other hand,

the pores of ta MSN and F12DMSN are already filled with PBS, which
significantly decreases the absorption capacity of particles and results in the observed
noncoagulant behaviour of the particlé®, 51}
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Figure 2.11: (8) Hemolysis results of MSN and FEZYMSN. Inset shows photographs of

RBCs treated with MSN (up) and FE2MSN (down) at dierent concentrations. XPT and
aPTT values of particles.

2.5Fluorescent Dye or Drug Loaded PEGylated MSNs

To prepare fluorescent PEGylated MSNs, we lodleddamine 6G (R6G)ye to
OMSN [52]. Also, for controlexperiments we loaded R6G to MSNe calculated a
R6G loading capacity of 6.21 Wb for MSN. For GMSN, we observed a lower
loading efficiency (2.74 wt %) at same conditions which is due to the lower surface
area and pore volume of octyl modified particlélso, blocking of the negatively
charged silanol groups, which are expected to interact electrostatically with the
positively charged R6G molecules, by octyl groups may contribute to the lowger dr
absorption capacity of the OMSN. Powder of R6G load®dSAs were directly
capped with F127n PBS.Figure 2.12 showsthe fluorescence spectrum of R6G
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loaded F127OMSN. We observediery slow release of R6®r R6G loaded=127
OMSN which makes it promising for cell labelling and bioimaging applicatitins
important to note that same strategy can be applied almost any dye mdié&eulé3
h F127-OMSN released only 20% of its load, as the R6G loaded pores are closed
with F127 layer Figure 2.12h Thedense polymer layer slows down the R6G release
by actirg as a diffusion barrier. On the other hand, a typical burst releafle pvas

observed for MSN; ™ of the R6G molecules were released after 12 h.
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Figure2.12: (a) Fluorescence spectrum of R6G loaded FOQRISN. (b)) R6G release profiles
of MSN and F1270MSN.

Drugloading and release studies were performed using a cancer drug, doxorubicin
(DOX). We calculated ®0X loading capacity of 15.3 ugyg for MSN. For SN,
we observed a slightlyveer loading efficiency (11.5 fmg) at same conditions which
is most likely due to the lower surface area and pore volume of octyl modified
paticles. Powder of DOX loadedMISNs were directly capped with F127 in PBS (pH
7.4) and used in drug release studies. We observed slower ralefiles jfor F127
OMSN at both acidic (pH 5.5) and neutral (pH 7.4haitons compared to MSN
(Figure 2.13. For instanceat pH 5.5 MSN released 9390f its load in 12hours, on
the other hand, 64%8 DOX release was observed for FAQKSN at same conddns.
The F127 polymer layer around the particles slows down the DOX release rate by
acting as a diffusion barrier against cargo release from the pores. Also, at pH 5.5 faster
DOX release was observed for both particles compared to pH 7.4, which is in good
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accordance with the previous repd&g]. The slow rate of DOX release from F127
OMSN can provide more effective therapy by preserving desired drug concentration
in the body for longer times.
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Figure2.13: DOX release profilesf MSN and F127OMSN in different pH values.

2.6 Synthesis and Characterization of Peptide Functionalized
MSNSs

Octyl modfied water insoluble MSNs (OMSNSs) were synthesized according to our
previous report$46, 53] by using a ongot respective condensation methfgib].
Tetraethyl orthosilicate (TEOS) moldes were condensed under basic conditions and
initial MSNs were formed. Then, octyl triethoxysilane (OTS) molecules were added
to the reaction mixture to coat the MSNs with a hydrophobic octyl layer. The
fluorescein isothiocyanate (FITC) molecules wergugated to the MSNs in thist
step of the synthesis to track the uptake of particles by using confocal imaging and
flow cytometrymethodg[54]. Successfutonjugation of FITC to the silica network
was demonsttad by usindgluorescence spectroscopy, where emission bands of FITC
molecules were clearlybserved (Figure 2.14). BakSNs were prepared for control

experiments under the same experimental conditions without the OTS addition.
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Figure2.14: Fluorescence spectra of MSNs showing the successful FITC conjugation to the
silica network.

Peptide amphiphile¢PAs) were synthesized by solid phase peptide synthesis
method based on orthogonal protection andfiestiby liquid chromatgraphy and
mass spectrometry (data neltown). OMSNs were coated witPA molecules by
simple sonication in #2A or K-PA solutions (Figure 2.15a). Awepared OMSNSs are
insoluble in water (Figure 2.15a, flp because their surface is covered with
hydropholic octyl groups. Ater the addition of PA solution and ultrasonication, PA
molecules sefassembled on the OMSNs due to hydrophobic interactions between
alkyl chains of both OMSNs and PAs. Functionalization Wifs renders the MSNs
water dispersible by priding either positively or negatively charged water soluble
moieties on their surfaces (Figure 2.15a, right). Photographs of MSNs dispersed in
water are shown in Figure 2.15b. Both dispersions have light green color due to the

covalently conjugated FIT@olecules.
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Figure2.15: (a) Photograph showing the water dispersion of OMSNs before and after coating
with peptide amphiphiles and (b) photographs of MSN dispersion in water.

Figure 2.16 shows the TEM images of the plsicBare MSNs exhibited an MGM
41 type highly ordered hexagonal porous structure (Figure 2.16a). On the other hand,
for OMSNSs, a randomly porous thin shell was observed over an MCipe porous
core (Figure 2.16b)63]. After coating the OMSNSs ith E-PAs, a thin organic layer

was observed around the particlEgy(re 2.16c).

Figure 2.16: Characterization of the mesoporous silica nanoparticles. TEM images of (a)
MSNSs, (b) OMSNSs ah (c) EOMSNS.

The formation of a peptidenating over OMSNs was furthproved by using FTIR
and TGA methods. Figre 2.1a shows the FTIR spectra of the particles. Taél
peaks between 2800 cnand 3000 cm wereobserved infte spectrum of OMSNSs
indicatingthe successful octyl mddcation. These absorption bartscame stronger
for PA modfied particles (EDMSNs and KOMSNS) due to theCH bords of the
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PAs. In addition, nevabsorption bands between 1400-tand 1800 cm appeared,
which are in goodgreement vith FTIR spectra of the PAs. The amide | (1490
cmit, C=0 stretching) and amide Il (1481675 cmt, CN stretching NH bending)
bands of PAs werebserved for PA functionakd MSNs. Another C=0 stretching
vibration was also obsegd for glutanic acid containing particles at around 1725 cm
1 which corresponds to the sidbain of theglutamic acid.Figure 2.17bshows the
TGA analyss of the particles. For MSNs,sanall weight loss 07.8% was observed
between 100 °C arg@D0°C due to the dehydkylation of the silica surfadd8]. The
weight loss increased to 11.9% for OMSNs and most ofviight loss occurred at
around 500 °C indicating the decompositafroctyl moietie§53]. For EOMSNSs and
K-OMSNSs largewneight loss valuesf 19.6% and 32.5% were recorded, respectively.
Also, two sharp decreasegere observed in the spectrapdptide coated agticles
around 400 °C and 500 °C, whicbhrrespond to the decongition of PAs and octyl
groups,respectively. For bare peptidenphphiles, almost all weight was lost at 800
°C. Based on the TGFesults, we calculategiating densities of the PAiolecules on
the OMSN surface®b, 56] The grdting densities of EDMSNs andK-OMSNs were
0.94 and 2.95 PAANY, respectively, indicatinthat the surface of OMSNs was densely
coveredby the peptidemolecules. A higher gfang density of KOMSNs was
observeddue to the electrostatic interactions between positively chargeA¥and

unreacted surfacglanol groups of OMSNSs.
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Figure 2.17: FTIR spectra (a) and TGA spectra (b) of particles and peptide amphiphiles,
respectively.
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Particlesizes of the MSNs and OMSN<ve calculated to be 100 nm ak@4 nm,
respectively fronthe TEM images (Tabl@.1). The 4 nnincrease in the particle size
after octyl addition shows the ~2m shell formation around theapicles.
Hydrodynamic sizes ahe MSN, EMSN and KkMSN were measured by using the
dynamic light scattering techniquéalde 2.1). The OMSNSs are water inkle and it
is not possible tsneasure their hydrodynansze. Hydrodynamic sizes of tpeptide
coated patrticles are shgy larger (around 40 nm) thaheir primary particle sizes
(size of OMSNSs) due to the slight aggation in aqueoumedia fo these particles.
On the othehand, aggregation becomeore pronounced for bare MSWNgh a 67
nm difference btween hydrodynamic and primaogrticle sizes. This difference cdul
be explained by the fact thiato different tehniques, TEMand DLS, were used for
the measurements. Whilaried samples were used for TEMnaging, the
hydrodynamicsize of particles was measureding DLS where interactionsith
solvent molecules are algaken into account. The surfaces bé tpartcles were
characterizedby measuring their zefzotentials (Tabl.1). The bardISN surface is
negatively charged-87 mV) due to the surfacglanol groupg50]. Modifying the
MSN surface with a negativelgharged EPA did not sigricantly dfect the zta
potential of the surface38 mV) since bth silanol and BPA groups araegatively
charged. Coating hMSN surface with a positivegharged KPA, on the othehand,

resulted in a remarkabiecrease in the zefzotential {25 mV).

Sample TEM siz (nm) DLS size (hm) Zeta potential (mV)
MSN 99.8 + 20.7 166.5+8 -36.6+1.1

OMSN 104.3+£21.5 N/A N/A

E-OMSN N/A 143.819.8 -38.0+0.8

K-MSN N/A 145.21.6 -25.1+0.7

Table2.1: Physical properties of bare, octyl modiiand peptide functionalized MSNs
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2.7 Cellular Uptakeof Peptide Functionalize&luorescent
MSNSs

A good compatibility of therapeutic nanoparticles with biologicajanisms is
necessary torpvent possible side effectstbiese therapies. Accordinglydin vitro
cytocompatibilities ofthe peptide coated andreaMSNs were evaluated by using
HUVEC and A10 cell lines. The vidlty of the cells treated withlifferent particle
concentrations (10 to 200 mg/mL) wstudied by using the Alamar blussay. Fist,
cells were treateavith particles for 4 h and themdubated for additional 20 h in
particle free media. None dig particles showed decreaseha viability of both cell

lines even at a very high particle concentratiodG8f mg/mL (Figure 2.18).
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Figure 2.18 Cytotoxicity results of bare and peptide functionalized MSNs. (a) A10 cells
incubated for 4 h with particles and 20 h in particle free media and (b) HUVEC cells incubated
for 4 h with particles and 20 h in paitg free media.

Improving the cellular uptakefdahe therapeutic nanoparticles essential for
enhancing theiefficacy. Therefore, we studig¢de uptake of the particles by A10 cells
and HUVEC by usingonfocal microscopy anitiow cytometry technique®8oth A10
cells and HUVEC were treatedith 200 mg/mLnanoparticles for 4 h and the cells
were analyzedfeer 20 h of further incubation. As shown in Figure 2.19, confocal
microscopy revealed thalhe peptide coated particles were internalized remarkably
more than the bare MSNs by both cell lines.
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A10 HUVEC

MSN

K-OMSN

E-OMSN

Figure 2.19: Uptake results of bare and peptide functionalized MSNs. Confocal results
showing that peptide functionalized particles were internalized more both A10 and HUVEC
cell lines. Upper images at left show the fluorescence of particles, lower images at left show
the fluorescence of actin filaments stained by Phalleld®tTC and panels on right show the
merged imagesScale bars: 20 pum.

In order to compare the uptake amoohthe particles, thdéluorescence of the
internalized particles was quangid byusing aflow cytometer (Figure 2.20). More
uptake was observed fet-OMSNSs in both cell lines. The amount of internalized
fluorescentE-OMSNs was less thamhat of K-OMSNSs, however, theywere
internalized more thabare particles. The uptake KFOMSNs by A10 cells and
HUVEC was 2.3 and 6.3 fold largévan the uptake of MSNs, respeeli. Also, E
OMSNSs demonstratetl.8 and 3.1 fold increased uptakg A10 cells andHUVEC,
respectively, comparedd bare MSNSs. It is well knowthat positively charged surfaces
can electrostatically interawatith the slightly negatively charged cell membr§Hé].

Thereforethe highest cellular internahton was observed for positivegharged K



PA functionalized KOMSNs. Although, both MSMnd EOMSN samples havabout
the same zeta potential values, aro#@mV, thecellular uptake of EOMSNs was
significantly higher than thaf the MSNs. This olesvationindicates that the uptake
rate and the amount of the nandjdes cannot be simplyorrelated with the net
surfacecharge of the surface; insteadsitnore related to the chemititucture of the
surface functional groups.
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Figure2.20: Flow cytometry analysis of A10 cells and HUVECSs treated with bare and peptide
functionalized MSNs. (a) Flow cytometry histograms. (b) Graph demonstrates the improved
uptake of peptide functionalized MSNs. Data were generateddtdeast three independent
experiments. According to Studenttst, **p < 0.001 and ***p < 0.0001.
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Chapter 3

Ultrabnght Tri-Functional MSNs with
Reduced Notbpecific Toxicity

3.1 Introduction

Recently, ultraright fluorescent mesoporous silica npadicles (MSNs) were
prepared by physically entrapping the dye molecules inside-cfaarmels oMSNs
[58-64]. This method enable=ficient and facile confinement of dyes inside pores of
MSNs Dye molecules entpped through their hydrophobic interaction with the
surfactant molecules, which are normally used to generate pores and extracted after
synthegs to open the pores. For ulbrgght MSNs extraction of surfactant molecules
results loss of fluorescencdue to the extraction of physically entrapped dye
molecules. Therefore the particles must be used as they prepared with surfactant
molecules. However, it is known that surfactant molecules such as Cetyl
trimethylammonium bromide (CTAB) are very toxic to tledl€[65, 66] Cytotoxicity
of the ultrdoright particles restricts theurse inbioimaging. This limitation of CTAB
containing MSNs can be turn into a benefit in therapy of cancer due to the high toxicity
of CTAB aganst several cancer cell ling66]. However, CTAB molecules
immediatelyreleased from the open por@sMSNs andshownonselectivetoxicity
against both normal and cancer cells. Therefore,agwoachesare neede for slow
down the release of CTAB molecules from pores of MSNs to develop nartsagén

both diagnosis antherapy capbilities and low notspecific toxicity.
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In this context, we preparedica cappednultifunctionalMSNs using Rose Bengal
(RB) dyeas a fluorescent probe and PDT agemti CTAB surfactards both structure
directing and chemotherapgent(Figure 3.1) Thin siica layer around the patrticles
reducethe CTAB release by closirthe mesoporeand accordingly decrease the ron
specific toxcity of nanoparticlesRB dyeencapsulated to the particles through CTAB
surfactant moleculeand resulting particles are ultrabrightly fluorescéntaddition,
RB molecules produces singlet oxygen under illumination of greendigich can be

used for ppotodynamic therapgancer cells

*cTaB
° Rose Water + NaOH More TEOS
Bengal o _o°
o
@ TEOS
Rose Bengal loaded MSN Silica capped MSNs
rMSN rMSN-ts

Figure3.1: Schematic representation of synthesis of silica capped and dye loaded ultrabright
MSNs.

First, we showed the improved biocompatibility of silica capped MSNs (43N
compard to the uncapped particles (rMSN) using red blood cells (RBCs) and L2929
and MCF7 cell lines. Then, we demonstrated that silica capped particles are more
suitable for cancer cell labeling applications with their reduced toxicity and increased
cellular upaike using MCF7 cancer cells. Lastly, we studiedrihétro photodynamic

therapy efficiencies of both capped and uncapped particles.

3.2 Experimental Section

Materials: Cetyltriammoniumbromide (CTAB), F127 pluronic polymer; 3
(Trihydroxysilyl) propyl methiphosphonate (TSPMPRose Bengas-(4,5-dimethyt
2-thiazolyl)-2,5diphenyltetrazolium bromidéMTT) were purchased from Sigma
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Aldrich (USA). Tetraethyl orthosilicate (TEOS) aktkthyltrimethoxysilane (MTMS)
were purchased from Merck (Germany). All chertsa@ere used as purchased.
Preparation ofultrabright MSNs To synthesize rMSN, 200 mg CTAB and 10 mg
of F127 were dissolved in 95 mL of water and 0.8 mL RB solution in water (5 mg/mL)
and 0.7 mL of NaOH (2 M) were added to this solution. Then the raantidure was
heated to 80 °C while stirring vigorously (600 rpm). After temperature fixed at 80 °C,
1 mL of TEOS was rapidly added to the reaction mixture. After 15 min, 60 pL of
MTMS was slowly added. After 45 min, 250 uL of TSPMP was slowly added and
reaction mixture further stirred for 90 min. Finally, particles were collected by
centrifugation at 9000 rpm for 20 min and washed with water twice. To synthesize
rMSN-ts, 1 mL of TEOS was slowly added to reaction mixture before TSPMP
addition. TSPMP was add 20 min later then second TEOS addition. Other
parameters were same with the rMSN synthesis. To extract surfactant and RB
molecules from rMSN for control experiments, particles were dispersed in 50 mL of
20 g/L ammonium nitrate solution in ethanol andet vigorously at 60 °C for 30
min. This treatment was repeated twice. Then the particles were washed with water
twice and dried at 60 °C.
Hemolysis assaydemolysis experiments were performed according poevious
report [17]. EDTA stabilized human blood samples were freshly obtained from
volunteers at Bilkent University Health Center (Ankararkey). First, 2 mL of blood
was centrifuged at 1600 rpm for 5 min and blood plasma and surface layer was
removed. Remaining RBC pellet was washed five times with 5 mL of PBS solution
and RBCs were diluted in 20 mL of PBS solution. Then, 0.8 mL of natdpar
solutions or supernatants in PBS at different concentrations were added to 0.2 mL of
RBC suspension. Also, positive and negative control samples were prepared by adding
0.8 mL of water and PBS, respectively to 0.2 mL of RBC solution. Then, sampkes we
incubated at 25 °C for 2 h. The samples were slightly shaken once for every 30 min to
resuspend the RBCs and MSNs. After 2 h, samples were centrifuged at 1600 rpm and
150 pL of supernatants was transferred to-av@8 plate. Absorbance of hemoglobin
in supernatants was measured with a microplate reader at 570 nm. Also, absorbance at

655 nm was recorded as reference. Percent hemolysis values were calculated from
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three separate experimenfs. St u dteshwaS applied to all data sets and the
differene between them accepted to be statistically significant when p < 0.05.

Cell aulture: Human breast adenocarcinoma cells (MQFRnd murine fibroblast
cells (L2929)were grown to confluence at 3 under 5% C@i n Dul beccob
Modified Eagle Serum (DMEM) cdaining 1% penicillin/streptomycin, 10% fetal
bovine serum (FBS) andr@M L-glutamine.

Cell viability tests 10* cells/well were seeded to 9ell plates for both cell lines.
After overnight of culture, MSNs in 11 pL of PBS were added to the wells tdigale
nanoparticle concentrations between 10 ar
for 4, 24 or 72 h. The cytotoxicity of particles was determined by the MTT reduction
assay. First MSN containing medium was removed and 100 pL of fresh medium was
gently added. Then filtesterilized 20 pyL of MTT reagent (5 mg/mL in PBS) was
added to each well, and the plates were incubated for 4 h at 37 °C. After incubation,
medium was removed and the precipitated formazan crystals were dissolved by adding
acidic IPA Optical density of dissolved formazan crystals was measured at 570 and
655 nm using a microplate reader. The optical density of wells containing untreated
cells was considered as 100%. All the experiments were performed in triplicate.

Fluorescence micstopy:5 x 10* MCF7 cells/well were seeded to 24ell plates
and cultured for 48 MAfter culture,nanopatrticles in 55 puL of PBS were added to the
wells to give final nanoparticle concentrations of £0Q / .mtter 4h of incubation,
nanoparticle containinghediums were removed, celvere washed with PBS three
times. Finally,optical and fluorescence images of cells were taken in PBS.

PDT experimentsl0* MCF7 cells/well were seeded to 9¢ell plates and cultured
for 48 h.After culture, nanopatrticles inlluL of PBS were added to the wells to give
final nanoparticle concentrations of 100
containing mediums were removed, cells were washed with PBS, fresh medium was
added and cells were further incubated for 16Hen, cells were illuminated with a 5
mV green laser for 30 s and incubated for 1 h. Finally, cell viabilities were determined
using a MTT assay.

Characterization: Transmission electron microscopy (TEM) images were taken
using a Tecnai G2 F30 (FEI) micwope.Zeta potentialsof nanoparticlesvere

measured with Zetasizer Nanoseries (Malvern Instruments). Optical absorption
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measurements in cytotoxicity and hemolysis assays were carried out using a
Microplate reader (Spectramax M5, Molecular DeviceShsomption spectra of
nanoparticles were recordedsing a UWVis absorption (Cary 100, Varian)
spectrophotometerFluorescence spectra of tmangarticles were recorded by a

Fluorescence Spectrophotometer (Eclipse, Varian).

3.3 Synthesis and Characterization oUltrabright

Fluorescent MSNs

Synthesis steps &B containing uncapped and silica capped MSNs are outlined
Figure 3.1RB loaded surfactant containing MSNs (named as rMSN) were prepared
using the surfactant (CTAB) assistant loading method. To cap ties pb rMSN,
excess silica precursor (TEOS) was added after the formation of rMSN inr@obne
reaction, which yields a thin and uniform silica shell around the particles. The silica
capped particles were named as rMiSNAIso, a surfactarfftee MSN (rMSNex) was
prepared by extracting the CTABNd accordingly the encapsulated-RBrMSN for
control experiments.

Figure 3.2 showshe TEM images of theMSN and rMSNts which haveairly
monodisperse particle size distribution withheod rodlike shape Close up TEM
image of rMSN (Figure 3.2a, the coluinrshows the hexagonally ordered
mesostructure of these particles. Formation of a uniform silica shell (~8.5 nm) around
the rIMSNts can be easily observed from Figure 3.2b. Importantly, silica capping
proces did not cause a significant change in the morphology of the patrticles;
hexagonally ordered mesostructured core was still observable. Particle length, width
and aspect ratio of the particles were summarized in the Table 3.1. As expected, length
and widthof the particles slightly increased after formation of the silica shell. Also,
aspect ratio was slightly decreased after silica shell formation due to the uniform size

increase in both directions.
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Figure3.2: TEM images of theultrabrightMSNs; (a) rMSN and (b) rMSHb. Left and right

panels shows the low and high magnification images of the particles, respectively. Both
particles have short rdike shape and fairly monodisperse in size. Uniform silica layer around
rMSN-ts can be easily observed from the images. Orange arrows in (b) indicate the nonporous
shells formed around the porous cores of rMSN

Shell RB Zeta
Sample CTAB Aspect Length Width Thickness content  Potential
exchange  ratio (nm) (nm) (nm) (mg/q) in PBS
(mV)
rMSN no 1.38 119+30 86+14 N/A 8.6 3.3+£0.9
rMSN-ts no 1.29 133+27 103+15 8.4+15 5.1 -13.1£ 0.2
rMSN-ex yes 1.38 119+30 86+14 N/A N/A -6.3+0.3

Table 31: Physical properties of ultrabrigiMSNs.

To determine the RB content of nanocarriers, we extracted encapsulated RB

molecules using ethanol and measured the absorption spectra of the extracted RB.
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Accordingly, dye contents were calculated to be 8.6 and 5.1 mg/g of MSN for rMSN
and rMSN-ts, respectivelyTable 3.1) The lower RB content of rMSH$ is due to the
formation of dyefree shell after second TEOS addition, which decreases the dye
amount per gram of silica. However, it can be assumed that core of the-t8MSN
contains approxintaly same amount of RB with rMSN since the synthesis conditions
are the same. It should be noted that, the alcohols like ethanol can penetrate into the
hydrophobic cores of CTAB micelles, where they can easily dissolve and extract the
RB molecules. On thether hand, water cannot penetrate into the hydrophobic

micelles and RB molecules stay in the pores in agueous media.

3.4 Optical Properties of Ultrabright Fluorescent MSNs

Optical properties of the ultrabright particles were studiedl compared with free
RB molecules at same dye concentratibigure 3.3a reveals that the absorption
maxima of rose Bengal (RB) molecules condine the pores of rMSN and rMSts$
were approximately 10 nm red shifted compared to the free RB molecules,mdnch
be due to the irdgractiors betweenclose proximity RB moleculesinside the
nanochannels and also the absence of water molecules in the hydrophobic cores of
CTAB micelles Similarly, we observedred shiftof around 15 nnn the fluorescence
spectra obothrMSN and rMSNts (Figure 3.3b).

To explore the brightness farticles we collected the fluorescence spectra of
particles and free RB molecules at same dye concentration (5 pg/mL) and at various
excitation wavelengths. Figure 3.3c clearly shows that when the RB neseard
confined in the pores of MSNs their fluorescence enhanced up to 20 fold. It is
important to note that rMSN and rMS& demonstrated almost same fluorescence
intensity at all excitation wavelengths indicating that the silica capping process has no
effect on the fluorescence of the particles. In addition, for better visualizagon
produced a R color map showing thituorescence intensity of free RB and rM&iN
depending on the excitation wavelengtgre 3.4. At the same fluorescenseale,
fluorescence of free RB wdardly distinguishable from the background. On the other

hand,strong fluorescence of rMSt$ was clearly observable.
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3.5 Hemolytic Activity of Ultrabright Fluorescent MSNs

A hemolysis assay was used to determine the toxicity ofouigfet MSNs on red
blood cells (RBCs)17]. 0.2 mL of isolated RBCs were mixed with 0.8 mL of
nanoparticles in PBS to give desd¢t MSN concentration, at a range of 1® 200
pg/mL, and incubated at 25 °C for 2 houFsgure 3.m shows the concentration
dependent hemolytic activity of the ultrabrigiitSNs rMSN demonstrated high
hemolytic activity; at 200 pg/mL 35.8% and at 100 pg/mL 7.1% of RB@sre
hemolyzed.Cappingthe particles witha thin silica layer drastically decread the
hemolytic activity;rMSN-ts showedow hemolyticactivity of 3.1% and 1.4% at 200
and 100 pg/mL concentrations, resipegly. In addition, hemolytic activity of the
rMSN was investigated after surfactant extraction (Figure 3.5a). rMSN did not reveal
any detectable hemolysis of RBCs in the studied concentration region after surfactant
extraction due to the phosphonatedtional group on its surface (see Chapter 6 for
more detailed informatioan hemolytic activity of phosphonate modified M§Ns

In order tofurther investigate the origin of the hemolytic activity ultrabright
MSNs, we also incubated &'RBCs with the quernatants of rMSN and rMSts$ which
are incubated in PBS for 2(Rigure 3.5b. It is well known that released surfactant
molecules (CTAB) can cause hemoly§ils]. However, we did not observe any
supernatant originated hemolytic activay either low (25 pg/mL) ohigh particle
(200 pg/mL)concentratioa These results revealed that the hemolgtitivity of the
ultrabrightMSNsis related with the surface immobilized CTAB molecules which is
positively charged and may strongly interact with the RBC membf@agping the
particles with a thin silica layer significantly reduce the hemolytic actioity
ultrabright MSNs by preventing the interactions between positively charged CTAB

surfactant molecules and RBC membrane.
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3.6 Cytotoxicity of Ultrabright Fluorescent MSNs

Cytotoxic effects of surfactant containing MSNs were studied using two different
cell lines; as normal and cancer cells, we used murine fibroblast L2929 an/ MCF
human brast cancer cell lines, respectivelyFigure 3.6 shows the 34,5
dimethylthiazol2-yl)-2,5-diphenyttetrazolium bromide (MTT) results for both cell
lines after short (4 h), moderate (24 h) and long (72 h) incubation with rMSN,+fMSN
ts and rMSNex in the péicle concentation range of 10 to 200 pg/mtMSN showed
immediate toxicity against both cell lines; even afteraf mcubation cell viabilities
were significantly reduced. This extreme toxicity of rM&Mlue to the release of toxic
CTAB surfactant fom the open pores of the particlgg7]. On the other hand, a
delayed toxicityprofile wasobserved for rMSNs for both cell lines thanks to the slow
release of CTAB molecules from silica capped pores. Afternb ltytotoxicity was
observedeven at the high particle concentration26f0 pug/mL, which makes the
rMSN-tssuitable for cell labelling applications. After 2é&hincubation, rMSNts was
decreaseéthe viability of both cell linegspecially at high partielconcentrations, yet
cellular viabilities are larger for rMShé than rMSN for all cases. After 72 h, both
rMSN and rMSNts largdy reduced to the cell viabilitiearound 10% for both cell
lines. We also studied the effect of surfactant extracted par{idiéSN-ex) on cell
viability as negative control of CTAB induced cytotoxiciye observethat rMSN
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ex decreasethe cellular viabilityat only high particle concentrations after especially
72h of incubation which may be due to timrinsic toxicity ofthis mesoporous silica
material or theresidual CTAB molecules remained in the particles after surfactant
extraction. This also indicates that the cytotoxicity of ultrabright M3MiNsnly
originated from theCTAB molecules adsorbed in the pores. In addijtibshould be

noted that for all cases toxicity of particles against cancer cell is larger than that of

normal cells.
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Figure 3.6: Cytotoxicity results of ultrabright MSNs against normal (L2929) and cancer
(MCFT7) cell lires. (ac) viability of L2929 cells after (a) 4 h, (b) 24 h and (c) % imcubation

with particles. (ef) viability of MCF7 cells after (d) 4 h, (e) 24 h and (f) 72 h of incubation
with particles.
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3.7 Fluorescent Imaging with Ultrabright MSNs

Figure 37 showdhe fluorescence and bright field optical microscope images of the
MCF7 cells that were incubated not incubatedvith ultrabrightMSNs for 4 h.Less
fluorescencaevasobserved for rIMSN compared to the rM&Nindicating that rMSN
ts was more effaively uptaken by MCF7 cells. Also, the fluorescence signal of rIMSN
mainly concentrated on the edges of the cells showing that most of the positively
chargedMSNs attached to the cell membrane instead of uptaken by the cells. On the
other hand, fluoresoee sgnal homogeneously distributé@uside the cell§or rIMSN-
ts indicating that the particles were uptakenhgycells and dispersed in the cytoplasm

of the cells.

Control

Fluorescence Bright-field

Merged

Figure3.7: Fluorescence, bright field and merged insagéMCF7 cells untreated or treated
with 100 pg/mL of particles for 4 h. rMSHNss revealed significantly higher cellular uptake
compared to rMSNScale bars: 20 um.
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3.8 Phototoxicity of Ultrabright MSNs

In addition to their chemotoxicityltrabrightMSNs areexpected to bphototoxic
to the cells becaudeB is a wellknown photosensitizer thatoduces singlet oxygen
when illuminated with green lig§8]. Therefore we investigated the phototoxicity of
ultrabright MSNs using MCF7 cells(Figure 3.8) We firstincubated the cell with
particles for 4 h athe 100 pg/mLof particle concentration and then we removed the
particle containing medium and further incubated the cells for ibGatparticlefree
medium. After incbation, we illuminated half of theells with a green laser (5 mV)
for 30 sand other half notin the absence of light both rMSN and rM&N\reduced
the viability of MCF7 cells due to their chemotoxicityich isproved in the previous
section. Also, asx@ected more reduction in cell viability was observed for rMSN. In
the presence of light, the cell viabilities were further reducearound 206. The
photoinducedreduction intheviability wasmore pronouncefibr IMSN-tsthan rMSN
which may be due tosthigheuptake capacity by MCF7 cells. The®sults indicates
that rMSNts is very promising for synergetic chenamd photodynamictherapy of

cancer with reduced toxicity to normal cells and RBCs.
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Figure 3.8: Photodymamic therapy results of MCF7 cells. Viability of the cells treated with
100 pg/mL of particles for 4 h after illuminated or not illuminated with a green laser for 30 s.
* indicates p <0.O0b5testccording to the student
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Chapter 4

Nanoconfinement ofy#ene in MSNs for

Detection of Trace TNT in Aqueous Phase

4.1 Introduction

Contamination of water resources by nitroaromatic explosives, particularly
trinitrotoluene (TNT), is a major global concern since these molecules are highly toxic
to the biologial organismg69, 70] Therefore, sensitive and selective detection of
nitroaromatic explosives in water has attracted a greatofiéatierest in recent years
[71, 72] Currently employed methods for their detection include ion mobility
spectroscopy (IMS), mass spectrometry, gas chromatography (GC), and infrared
absorption spectroscofy3-76]. Althoughthese methods are usually sitve, they
are limited by their time&onsuming and complicated procedures and costly and bulky
instrumentatior{75]. In this context, fluorescence based sensors are very promising
for the development of casffective and portable explosive sensing devices with high
sensitivity and selectivity{71, 72] For instance, using quantum dofg7-79]
fluorescent dyeg80-82] metalorganic frameworksMOFs),[83-85] andconjugated
polymers[86-89] nitroaromatic molecules were detedtin aqueous phase. However,
these methods generally have some drawbacks such as high detection limit,
interference from nomitroaromatic compounds, laborious and costly synthesis and

poor stability of fluorescent probes in the atmospheric conditionsteldre, facile
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and costeffective development of robust nitexplosive sensing platforms with good
sensitivity and selectivity is still needed.

In this context, we report the preparation of pyrene confivi8i\s for rapid and
reliable detection of TNT iwat er . It is wel!/l known t hat
conjugated fluorophore with high quantum yield and long life time) is quenched by
nitroaromatic explosives through photoicdd electron transfer (PETPO, 91].
Particularly, excimer emission of-"pyrene
stacking interaction between excited and ground state pyrene molecules, is very
sensitive towards nitroaromatics. Recently, we and others used pyrene excimer
fluores@nce for the detection of nitroaromatic molecules utilizing nanomaterials that
contains chemically attached or more simply physically encapsulated pyrene
moleculeg82, 92100]. However, most of these studies ain@detect itroaromatic
explosives in vapophase or in organic solvents and studies for the determination of
nitroaromatic explosive contaminated water is very [@4e97]. In addition, for the
materials with pyene excimer emission, the detection limit in aqueous phase is
generally poor (at uM level). Herein, we demonstrated the trace (nM level) detection
of TNT in agueous phase using pyrene confivgNs. In order to confine pyrene
molecules ilMMSNs, we firstlydissolved hydrophobic pyrene molecules in water using
cetyltriamonium bromide (CTAB) surfactant. Pyrene molecules were encapsulated in
the hydrophobic inner parts of the feldaped surfactant micelles. Then, we
polymerized a silica precursor (tetraethgthosilicate; TEOS) around these micelles
in basic conditions to obtain organic/inorganic hybrid nanoparticles that contain
confined pyrene molecules inside their32nm sized mesostructures. Nano
confinement of pyrene inside these mesostructures redaltadoright and visible
excimer emission. Recently, we reported that excimer emission of the pyrene doped
materials can easily diminish overtime due to the dissociation of close proximity
pyrene moleculef®2]. To our surprise, we observed that pyrene excimer emission of
these hybrid nanopatrticles is stable for at least six months.

We studied TNT sensing performance of the nanoparticles in water for TNT
concentration varying from 10 nM to 10 uM based on quenchieg@mer emission.

We observed that the quenching of excimer emission is very selective and sensitive to

TNT. In addition, emission quenching can be visually obsemveder U\flight

45



enabling the nakedye detection of TNT contaminated wateyrene confing@ MSNs
with their easy synthesis, high stability, high sensitivity and-effsttiveness can be
potentially used for the detection of TNT contaminated water.

This work publishedon theNanoscal€2014,6, 1520315209 journal Reproduced

with permssion from The Royal Society Ghemistry

4.2 Experimental Section

Materials: Tetraethyl orthosilicate (TEOS), chloroform, and sodium byitle
were purchased from Merck (Germany). Pluronic® F127,
cetyltrimethylammoniumbromide (CTAB) and pyrene were purchased from Sigma
Aldrich (USA). All chemicals were used as received without any purification.

Synthesis of pyrene confinddSNs: Pyrene conhed MSNs (pMSNs) were
synthesized by sligly modifying previous methodg6, 54, 101] Certain amount of
pyrene (6, 12, 22, and 40 mg) was dissolved in 500 pL of chloroform and 200 mg of
CTAB was dissolved in 3L of deionized water. Then, pyrene solution was added
to the CTAB solution and the mixture was stirred at 60 °C for 20 min. During stirring,
chloroform evaporated and pyrene homogeneously dispersed in the CTAB solution.
For the reaction mixture, 20 mg BL27 was dissolved in 66 mL of deionized water
and 0.7 mL of 2.0 M sodium hydroxide solution was added. CTAB solution was added
to the reaction mixture, and the mixture was heated to 80 °C. Then, 1 mL of TEOS
was rapidly added under stirring at 600 rpme Teaction mixture was refluxed for 2
h. Finally, particles were collected by centrifugation at 9000 rpm for 20 min and
washed with deionized water twice. Then, particles were dispersed in 80 mL of
deionized water. Final particle concentration in the d&pa was 5.1 mg/mL.

Characterization of nanoparticlesStructure of pMSNs was investigated with
transmission electron microscope (TEM) (Tecnaif3B, FEI) and scanning electron
microscope (SEM) (Quanta 200 FEG, FEI). Absorption spectrum of pMSNs was
remrded with U\WVisible spectrophotometer (Cary 100, Varian). Fluorescence
spectra of pMSNs were recorded with fluorescence spectrophotometer (Eclipse,
Varian). Size distribution of the nanoparticles were analysed using a zetasizer

(Malvern Instruments).
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Fluorescence quenching experimenEuorescence quenching based sensing
experiments were performed B quartz cuvette. 3 mL of 0.0&hg/mL pMSNs
dispersion were used for each sensing measurement. Fluorescence spectrum of pMSNs
dispersion was recorded bef@ealyte addition (excitation wavelength was 340 nm).
Then, TNT aqueous solutions were added in order to adjust the TNT concentrations
between 10 nM and 10 uM and then, fluorescence spectrum of the dispersion was
recorded again. Selectivity experiments aveerformed using aqueous solutions of
trinitrotoluene, dinitrotoluene, nitrobenzene, benzoic acid, aniline, chloroform,
methanol, hydrochloric acid, sodium hydroxide, and sodium chloride. Final
concentration of all interfering analytes was 10.0 uM inflin@rescence assay.

4.3 Synthesis and Characterization of Pyrene Confined
MSNs

Pyrene confined MSN9MSNS were synthesized via polymerization of TEOS
monomer in the presence of CTAB surfactant under basic conditions. Basic condition
prevents the complethydration of TEOS and increases the residual ethoxy groups to
promote the seldssembly of negatively charged silicates with positively charged
cetyltrimethylammonium (CTA) micelles[47, 102] Therefore, the orded
mesostructure formed through the ssdsembly of CTA micelles and silicates. Pyrene
was added to the reaction mixture before the polymerization of silica and encapsulated
by the hydrophobiparts of the CTAmicelles (Figure 4.1). Therefgr€TA micelles
performed as both the templating agent for the formation of mesostructures and
nanocontainers for pyrene confinement. In addition, we used a second surfactant (a
pluronic block copolymer; F127) in order to prevent particle aggregation during the

synthegs and to provide the particles colloidal stability. (Figure 4.1).
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Figure4.1: Schematic representation for the formation of pMSNs. Pyrene is confined in CTA
micelles through hydrophobitydrophobic interactions. After treddition of TEOS, silica
grows around the seHfssembled pyrene confined CTA micelles. F127 pluronic polymer
prevents particle aggregation during the silica growth.

pMSN

Fig. 2 shows TEM and SEM images of the pMSNSs prepared using 40 mg of pyrene.
PMSNSs have resostructures with sizes of approximately @m. pMSNs are spherical
in shape and their average particle size is 74 + 9 nm (Figure 4.2a). Also, particle size
distribution of pMSNs is fairly narrowFgure 4.2b). In addition, we synthesized
PMSNSs using dilerent amounts of pyrene; 6, 12, and 22 mg. We observed that pyrene
concentration significantly affects the size and shape of the silica nanopatrticles. For
instance, pMSNSs prepared using 6 and 22 mg of pyrene halikeathapes with high
polydispersity. Furthermore, pMSNs prepared using 12 mg of pyrene were
interconnected during the synthesis which may cause poor colloidal stability in water
(Figure 4.3).
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Figure4.2: Morphology of pMSNSs. (a) TEM, and (b) SEM images of piMdSNs prepared
using 40 mg of pyrene indicating the uniform size and shape distribution of the nanopatrticles.

Figure4.3: TEM images of pMSNs prepared using (a) 6 mg, (b) 12 mg, and (c) 22 mg of
pyrene

Figure 4.4 showshe UV-Visible absorption and fluorescence spectra of pMSNs
prepared using 40 mg of pyrene. Three individual peaks at 304, 321, and 336 nm in
the UV-Vis spectrum are the absorption bands of pyrene. The emission bands around
370400 nm in the fluorescencpextrum correspond to the monomer emission which
is formed by the relaxation of singlet excited pyrgl@3]. The broad emission peak
centeredat 475 nm, on the other hand, is the excimer emission thatsost®n an
excited stat-e* pytreaanli makiest éracti on with
excimer emission intensity to monomer emission intensikyIglon) ratio (2.2) was
observed for these nanoparticles (calculated using the intensities ain3&dd 475
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nm for monomer and excimer emission, respectivedyldonratios were determined

to be 0.4, 0.8, and 1.8, for the pMSNs prepared using 6 mg, 12 mg, and 22 mg of
pyrene,respectively (Figure 4.5). Since more pyrene molecules form more dimers
t h r o dngetaction, excimer emission intensaynd lexdImon ratios increased with
increasing pyrene concentration. Accordingly, we used pMSNs prepared using 40 mg
of pyrene in the rest of the study owing to their more uniformly distributed particle

size and highetexdImonratio.
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Figure 4.4: UV-Vis absorption spectrum (blue) and fluorescence emission spectrum (red)
(excitation wavelength was 340 nm) of pMSNs prepared using 40 mg of pyrene. Three peaks
observed at 304,23, and 336 nm are the absorption bands of pyrene. The peaks4Q®B70

nm are the monomer emission of pyrene. The broad emissiorceatatedat 475 nm is the
excimer emission.

50



Q
20 i / ]
- @] 4

'exc”mon

0.8 |- o) -

04 @ _

5 10 15 20 25 30 35 40
Pyrene amount (mg)

Figure4.5: lexdImon ratios of pMSNs prepad using various amounts of pyrene.

To determine the amount of pyrene that was encapsulated in pMSNs, we extracted
pyrene using tetrahydrofuran (THF) and measured the absorbarice extracted
pyrene using a UWisible absorption spectrophotometer. &y content in the
particles was calculated to be 0.038 mg/mg of pMSNs. Considering that the total
amount of synthesized pMSNs was 410 mg, it can be calculated that almost 40% of
pyrene used in the synthesis was encapsulated in the nanoparticles. Léakageso
from CTA micelles of the mesostructured silica may cause decay of the excimer
emission due todecreasing pyrene concentration in the pMSNs. To check the
confinement stability of pyrene in the mesostructure, we centrifuged the pMSNs
dispersion (staed for six months at ambient conditions) and measured the emission of
the supernatant. There was almost no emission signal in the supernatant indicating the
stability of pyrene confined micelles inside M&Ns (Figure 4.6). More importantly,
after six maths, pMSNs exhibited a bright excimer emission similar to that of the as
prepared particles (Figure 4.7). Alsgdlmonratio of the stored pMSNs was calculated
to be 2.0 suggesting the lotgrm storability éthese nanoparticlefigure 4.7 inse).
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Figure 4.6: Fluorescence spectra of pMSNs (black) and supernatant (red) of pMSNs which
was obtained after centrifuging the pMSNSs.
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Figure 4.7: Fluorescence spectrum of pMSNs which was stooedsik months at ambient
conditions. Inset shows thgdlmon ratios of agprepared and stored pMSNs.

Particle size distribution of pMSNs in water was determined using dynamic light
scattering (DLS) technique. Average particle size was measured asn84FBgure
4.8), which is veryclose to the size calculated from the TEM images, indicating the

good dispersibility of the nanoparticles in water. Besides of dispersibility, colloidal

52



stability of the nanoparticles is very important for reliable and replkeafiaorescence
measurements. To investigate the stability of the particles, we measured the time
dependent size distribution of the pMSNs. Average particle size remained almost
constant for at least 1.5 h which is far longer than the duration of a segsng

measurement (Figure 4.iise).
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Figure4.8: Particle size distribution of the pMSNs measured using dynamic light scattering
technique. Inset shows the average particle size of pMSNs with respect to time.

4.4 TNT Sensing Performance of the pMSNs

PMSNSs exhibit strong excimer emission in the absence of TNT molecules. When
TNT binds to -p*Yriemteert datoiugrm, "emi ssi on of
photoinduced electron transfer (PET)rfrexcited pyrene modelle to TNT[91]. To
investigate TNT sensing performance of the pMSNSs, we recorded fluorescence spectra
of pMSNs dispersion before and after the addition of TNT with concentrations ranging
from 10 nM to 10 uM. Botimonomer and excimer emission intensities of pyrene were
quenched gradually with increasing TNT concentration (Figure 4.9a). After the
addition of 10 uM of TNT, excimer emission was completely quenched, on the other

hand, significant monomer emission stéin be observed. Figu4eQbshows the rapid

53



qguenching of the excimer emission upon addition of 500 nM of TNT. Excimer
emission quenching reaches its maximum within only 45 seconds and remains constant
up to five minutes. It is important to note thathie albsence of TNT, excimer emission

is constant within the same time interval (Figure 4.9hb).
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Figure 4.9: (a) Fluorescence emission spectra of the pMSNs with increasing TNT
concentrations. Excitation wavelength was set4ft 8m for the measurements. (b) Time
dependent excimer emission intensity of the pMSNs in the absence and in the presence of 500
nM of TNT.

Figure 4.10 shows quenching efficiencies of the excimer and monomer emission of
pPMSNs depending on thENT concentation. Quenching efficiency of the excimer
emission at 475 nm was 3.1% for 10 nM of TNT and reached to 67.2% and 98.9%,
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when 1.0 uM and 10 puM of TNT were added, respectively. On the other hand, for all
concentrationsguenching efficiency of the monomer isgion at 394 nm was lower
than that of the excimer emission which indisdkes higher sensitivity of the excimer
emissionagainst TNT (Figure 4.10a). Figure 4.10b shows é¢kponential fit to
guenching data in the range from 10 nM toldM)(regression @nstant is 0.99 Using

this calibration curve, we calculated the detection limit of the fluorescent sensor to be
12 nM against TNT.
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Figure4.10: (a) Quenching efficiencies of the pMSNs depending on the TNT concentration
based on the excimer emission (at 475 nm) and monomer emission (at 394 nm). (b) Calibration
curve for TNT concentration in the range from 10 nM to 1.0 uM.
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In addition to the higher quenching efficiency of excimer emission, its bright blue
colour enables t nakeeeye detection of TNT. Accordingly, quenching of the
excimer emission of pMSNs was visually observed under thdigh illumination.

Figure 4.11 shows the photographs of pMSNs taken before and after the addition of
0.4 uM, 1.0 uM, 4.0 uM, and 8.0Nd of TNT. Excimer emission intensity significantly
reduced when 0.4 puM of TNT was added. Emissa@s further quenched with the
increasing TNT concentration and almost no excimer emission remained with the
addition of 8.0 uM of TNT.

04pM  1.0pM 4.0 uM 8.0 uM

Figure4.11: Optical photographs of pMSNSs dispersions underlighit before and after the
addition of 0.4 uM, 1.0 uM, 4.0 uM, and 8.0 uM of TNT. Quenching of the excimer emission
is clearly visible for the increasing TNT concentration.

To demontate the selectivity of pMSNs against TNT, we measured the
fluorescence of pMSNs after addition of 10.0 uM aqueous solutions of various
aromatic and nofromatic substances. Figure 4.12 shows the quenching efficiencies
of excimer emission observed for ttested analytes. Quenching efficiency for TNT
was 98.9% whereas quenching efficiencies for otiiteoaromaic compounds were
40% and 2% for dinitrotoluene (DNT) nitrobenzene (NB), respectively. On the other
hand, chloroform, sodium hydroxide, benzoicidacaniline, sodium chloride,
methanol, and hydrochloric acid did not quenched excimer emission significantly
indicating the sensitivity of the excimer emission for nitroaromatic explosives. Lower

guenching efficiencies for DNT and NB compared to thaflfdil were due to their
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fewer nitro (NQ) groups; DNT has two N£&yroups and NB has one N@roup. Since

the driving force for the electron transfer is low reduction potential, TNT with its three
NO: groups has the lowest reduction potential and mighecton accepting ability
[104]. Therefore, excimer emission was quenched more in the presence of TNT

compaed to DNT and NB at the same conditions.
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Figure4.12: Fluorescence quenching efficiencies of excimer emission for 10.0 uM aqueous
solutions of various analytes (TNT: trinitrotoluene, DNT: dinitrotoluene, NB: nitrobenzene,
Ch: chloroform, NaOH: sodium hydroxide, BA: benzoic acid, Ani: aniline, NaCl: sodium
chloride, Met: methanol, and HCI: hydrochloric acid).
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Chapter 5

A Porosity Difference Based Selective

Dissolution Strategy to Prepare Hollow MSNs

5.1 Introduction

Hollow silica nanostructures are attracting a great deal of interest in many research
areas including controlled drug delivery, catalysis, bioimaging, optical coatings and
absorbents due to their unique properties such as high surface area and pore volume,
ease surface functionalation, chemical stability and low toxicify05-107]. They are
often prepared using template based methods in which a variety ofli0&d15]
(polymer or inorganic micro/nanparticles) or soff116-123] templates (droplets,
bubbles, miellesetc) can be applied. However, template based methods have some
drawbacks which prevent their widespread applicatiéosinstance, hard templating
methods have tedious multistep and toemsuming procedures including core
synthesis, surface functionadition of core, silica deposition and core etching. Soft
template methods, ondlother hand, involves less $yasis geps; however products
of these methods are often havedifined shapes and polydisperse in size due to
deformability of softtemplates[105]. Recently, terplateless (or selfemplating)
methods such as surface protectexthieg [124-126] and selective etchinld27-130]
have emerged to fulfil the neéor simple, effective and sale synthesis of hollow
silica nanostructures. However, these templatelethaods usually require corrosive

and toxic etching ages (strong alkaline or HF sdlans) to selectively etch cores of
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solid silica particles. A few recent works oefed that under the mild conidins (water

or slightly acidic solutions) silica nano/maparticles can go spontaneous structural
change from solid spherasto hollow particle131-136]. Unfortunately, in these
methods a special care must be taken to control tek tflickness and particles
morphology since they are very dependent to the reaction conditions such as pH,
temperature, and etch time.s@l the shells of resulting hollow particles usually do not
have accessible mesopsrehich restricts their applitans in many fields suchs
controlled drug release, talysis and pollutant adsorption. In addition, the shape of the
hollow particles prepared through spontaneous structural change process are limited
with spheres since their synthesis often started with spherical Stober silica
nanoparticle. Other than spheres, rods or tubes can be more desired for some
applications. For example, rod shaped particles areedrto be more effective in
biological applications than their spherical counterparts due to their higher cellular
uptake[137]. Overall, facile and scalable preparation of hollow silica nanostructures
with tailored shape angbrosity is still a great chiahge.

Here we report a distinct templateless methade( porosity difference based
selective dissolution strategy) to prepam@lbw silica nanospheres andnuaods with
mesopores on their shells using a mild etching agent; phosphate buffere@28ye
(Figure 5.1). Themethod is based on the selective dissolution of mesoporous silica
cores of solid silica shell/mesopmrs silica core nanoparticleshich gives a good
control over particle size, shell thickness, porosity and particle shape (sphere or rod).
The method involves two steps; (i) synthesis of core/shell nanospdrenanorodsi
a one pot redamn and (ii) selective etching of mesoporous cores in PBS. The particle
morphology can be controlled using rose Bengal (RB) dye-dRaged mesoporous
silica nanoparticles (MSNs) with controllable aspect ratio can be prepared in the
presece of RB; in the absence of RB particles are spherical. Solid silica shells can be
coated over these particles by simply addition of excess silica precursor during the
synthesis. To our surprise, during the hollowing proaessopores developed on the
solid silica shells which provides aasbility to the hdbw interior of the particles.

In addition, we proposed a dissolution mechanism to the observedtypdifisrence
based dissolution of core/shell nanoparticl€sirthermore, we prepared self

luminesent hollow MSNs using organosilaneodified core/shell particles.
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Figure5.1: Schematic representation of synthesis of hollow nanospheres and nanorods. In the
presence of RB dye reghaped particles are formed. Additionexfcess TEOS during the
reaction produces uniform silica shell around particles. During the incubation in PBS, core
shell

5.2 Experimental Section

Materials: Cetyltriammoniumbromide (CTAB), F127 pluronic polymer, and Rose
Bengal were purchased from SigiAllrich (USA). Tetraethyl orthosilicate (TEOS)
and aminopropyl triethoxysilane (APTES) wepairchased from Merck (Germany).
All chemicals were used as purchased.

Preparation of mesoporouslica nanospheres and nanorodsanospheres were
prepared by modying previous reportf46, 47, 101] Briefly, 200 mg CTAB was
dissolved in 95 mL of water and 1 mL of F127 solution (5 mg/mL in water) and 0.7
mL of 2 M NaOH were added onto this solution. filtliee reaction mixture/as heatd
to 80 °C while stirring vigorously (600 rpm). After temperature was fixe8Da’C,

1.2 mL of TEOS was ragly added and reaction mixture was further stirred for 2 h.
Finally, reaction solution was cooled down to the room temperatungeaitides were
collected by cetmnifugation at 9000 rpm for 20 min and washed with water twice. To
synthesize nanorods, we added apmprate amount of RB (for example 10 mg for the
particles with the aspect ratio of 1.9) dissolved in 2 mL of water to the reautiture

after addition of TEOS; other parameters were same with the nanosphere synthesis.
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To remove the surfactant and RB molecules, we calcined the particles at 550 °C for 5
hours (ramp rate was 5 °C/min).

Preparaton of core/shell nanoparticleS:o pregare core/shell particles we added
appropriate amount of TEOS after 1 h of first TEOS addition. Other parameters were
kept constant.

Preparation of hollow nanoparticlesCores of the core/shell particles were
dissolved by incubating the particles in PB® (MM, pH 7.4) at 65 °C for 1 d under
gentle stirring. Particle concentration in PBS solution was 0.5 mg/mlafaspheres
and 1 mg/mL for narmods. Particles were collected by centrifugation at 9000 rpm for
20 min and washed with water twidanally, paticles were calcied at 550 °C for 5
hours (ramp rate was 5 °C/min) to remove the CTAB surfactant and RB molecules.

Preparation of selfuminescent hollow nanoparticledn this case, 10QuL of
APTES was added during the shell growth step. Other parawetes kept same with
the core/shell narspherepreparation. To obtain sdliminescence property and
removethe surfactant moleculegarticles were calced at 400 °C for 3 hours (ramp
rate was 5 °C/min)Finally, cores of the core/shell particles welissdlved by
incubating the particles in PBS (10 mM, pH 7.4) at 65 °C for 1 d under gentle stirring.
Particle concentration was 0.5 mg/mL.

CharacterizationTransmission electron microscopy (TEM) images were obtained
using a Tecnai G2 F30 (FEI) microscop&e scanning electron microscopy (SEM)
images of particles were obtained using aBEM; Quanta 200F (FEI). Surface area,
pore volume and pore size distribution of the particles were determined usingcan iQ
(Quartachrome). Xray powder diffratton (XRD) spectra of the particles were taken
using an X'Pert Pro (Panalyticabluorescence spectrunftheparticles wasecorded

by a Fluorescence Spectrophotometer (Eclipse, Varian).

5.3Synthesis and Characterization of MSNs

Figure5.2 shows the effect of RBn the morphology of MSNs. In the absence of
RB, particles are almost sphal (Figure5.2a,d) which is typical for MCIWA1 type
MSNs[101]. Average particle size of spherical MSNs was calculated to be around 120
nm fromTEM images. Intagstingly, in the presence of 5 mg of RB (Fig6i2b,e)
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rod-shaped MSNs (aspect ratio is ~1.5) was obtaiDedbling of the RB amount (10
mgq) increases the aspect ratio of particles to ~1.9 (Figawmef). Average particle
width and length for rodike MSNs prepared using 10 mg of RB were determined to

be around 75 nm and 145 nm, respectively from TEM images.

Figure5.2: TEM (left panel) and SEM (right panel) of MSNs prepared using different amounts
of RB. (a, d) No RB, (b, €) 5 mg RB and (c, f) 10 mg RB. In the presence,asb&Bhaped
MSNs are formed and with the increasRB amount longer rods can be obtained.



Further increasing the RB amount (20 mg), however, result in a mixture of
polydisperse spheres and very long helical rods with aspects ratios even larger than 10
(Figure 5.3).

Figure5.3: TEM images of MSNSs prepared using 20 mg of RB. (a) Low magnification image
showing the polydispersity of the particles. (b) TEM image of a helical nanorod with large
aspect ratio. (c) Closap image of the helical nanorod shown in (b). White arrodieate the
helical porous structure of the nanorod.

Preparation of roghaped MSNs usg additional orgaosilane monomergL38-
140]or surfactant$141-143]havebeen preiously reported. The change in the particle
morphology is believed to be duettee interactions between surfact micelles and
additional monomers or surfactants which changes the morphology of surfactant
micelle assembly and accordingly the final shap&SNs. To our knowledge, this
work is the first example of using a simple molecule like a commercial dye (RB) as a
co-structure directing agent to prepare-githped MSNSs. It is important to notettha
besides from catructure diecting agent based metls, other methods are also
available to prepare reshaped MSNs utilizing differersurfactant§144] or simgy
different expemental condions [145, 146] Nevertheless, this study reports an
alternative and simple method prepare-sbdped MSNs. Also, we believe that
interactions of large molecules such as dyes and drugs with tlaetant micelles
deserves a pacular interest because using this simpletsta pre@ration of MSNs
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with many distinct morphologies may be possible. In fact, recentlgtfal, [147]
reported the formation of lge-pore MSNs in the presence of fimofen drug.

5.4 Synthesis and Characterization of Core/Shell MSNs

Mesoporous core/solid silica shell particles are prepared in ganeaction.
Following the polymerization tetraethyl orthosilicate (TEOS) mononearrat CTAB
micelles to form initial MSNs, excess TEOS monomer was added to prepare solid
shells around the particles. Figure 5.4 shows the TEM images of core/shell
nanospheres and nanorods which were prepared using different amounts of TEOS in
the second atition. Uniform solid silica shells around the particles reflect clear
contrast difference from the porous cores. Figurea.4how the nanospheres
prepared using 1 and 3Lhof additional TEOS whichhave 8 and 12 nm thick very
uniform shells, respectivel\Similarly, 8 nm thick uniform silica shell was observed
around the nanorods$igure 5.4¢ when 1 mL TEOS was used in the second step
showing that the shell thickness isdependent from the pganle morphologyFigure
5.4d demonstrates the effect of sadoTEOS addition amount on théica shell
thickness of nanospheres. We observed that between 0.5 and 2 mL of TEO$,additio
shell thickness graduallyeneased to 12 nm from 5 nm. Further increase in the TEOS
amount (3 mL) didnot change shell thicknessgnificantly indicating that shell

thickness growth is selimiting.
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Figure 5.4: Morphology and shell thickness of core/shell MSNsc)aEM images of
spherical MBNs prepared using 1 mL of atidhal TEOS (a), sphericMSNs prepared using

3 mL of aditional TEOS (b), rosshaped MSNs prepared using 1 mL of additional TEOS (c).
Arrows indicates the shells of the patés. (d) Shell thickness of spherical particles depending
on the additional TEOS amount.

5.5 Selective Basolution of Porous Cores in PBS

Porous cores of the core/shell particles were selectively dissolved by incubating the
particles in PBSat 65 °C forone day (Figure 5.5). After hollowing press, the
particles were calced at 550 °C to remove the CTABr&actant and RB molecules.

The selective dissolutiobehaviorof the core can be attributed to the higher surface
area of the porous core; hydroxyl ions can attack (Figure 5.6) to the pwtwusrk

from many sites and dissolve it faster compared to thealsilica shell. In addition,

itis well known that inner parts of the silica nanoparticles are less condensed compared
to the nanopantie suface[134] which makes the inner parts more susceptible for

65



dissolution. Itis believed that both cases contributed the selective dissolution of porous

cores.

Figure 5.5: Low magnification TEM image of hollow nanospheres showing high yield of
hollowing process.

Particle concentration in PBSolution was 0.5 mg/mL for nanospheres and 1
mg/mL for nanorods. We observed that partially etched particles are formed at the
higher particle concentiahs suggesting that an etjoiium is reached for silica
dissolution. Also, the maximum concentratiéor complete core hollowing of
nanorods are higher than that of spheres. This may be due to the difference in the
condensation rate of core silica network between nanospheres and nanorods. Note that
nanorods are synthesized in the presence of RB whidhecancapsulated to the silica
network during polymerization and decrease condensation rate.
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Figure5.6: Mechanism of hydroxide ion catalyst silica dissolution and regrowth.

66



Figure 5.7 shows the TEM images of fabricatedllba nanospheres (prepared
using 1 mL of additional TEOS) and nanorods (prepared using 10 mg of RB and 1 mL
of additional TEOS). Theres clear contrast difference thesen interior and exterior
parts of the particles indicating core dissolution after Ri#Bbation. The efficiency
of hollowing process is almost 100%idkre 5.5. Importantly, the shell thickness
remained almost intact after the hollowing process; arow®d r8n, for both

nanospheres and nanorods which suggests that only cores of thegdismbdved.

Figure5.7: TEM images of hollow particles. (a) Hollow nanospheres prepared using core/shell
particles with 8 nm shell thickness, (b) hollow nanorods prepared using core/shell particles
with 8 nm shell thickass. Shelltliickness of hollow particles m&ined same after hollowing
process, indicating thatoces were completely dissolved. (c) Clage TEM image of
nanaods. (d) High magnifiation STEM image of hollow nanads that shows the mesoporous
shells of péaticles. Arrow indicates a crack formed on the hollow nanorod shell during core
dissolution and calcination processes.
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To our surprise, shells of the particles contains mesopores after dissolution which
can be clearly seen from Figure 6.@nd d. Mesoposity of the shells was further
confirmed using Nadsorptiordesorption technique (see below). The mesopores can
be formed during silica dissolution process in the presence of surfactant molecules
[128]. It is wellknown that dissolution of silica isversible (Figure 5.)6and therefore
dissolved silica species can spontaneously regfd84]. For our case, in the presence
of residual CTAB (leaking from dissolved cores of the partiaésolved silica can
regrown around CTAB micelles to produce mesoporous shell. Another reason of the
mesopores can be the residual CTAB molecules which are absorbed to the shell silica
network during the synthesis of particles. These residual CTAB moteaale
contribue the pore formation during dislution, regrowth and calcination processes
[128]. Besides, we observed cracks on the some of the partickrscaftination
process (Figure 5dj. Nevertheless, acating to the TEM images most of the particles
were crackree.

Pore structure, volume, and size and specific surface area-shaped particles
were characterized using lddsorptiordesorpion and XRD techniques. Figure 8.8
shows the Nadsorptiordesaption curves of nanorods (rMSN), core/shelhoads
(rMSN-ts), and hollow naorods (hrMSN). rMSN and rMSNs revealed typdV
nitrogen sorption curveith a sharp capillary condengm step in nitrogen adsorption
amount at relative pressures Pietwesn 0.2 and 0.4 indicating the pexe of
mesopores with narrow size distributifhil5, 133] On the other hand, this step
disappeared for -nMSN rdlecting the dissolution of ordered mesoporous core.
Correspondingpore size distributions of the particles, which were obtained from N
adsorptiordesorption curves using DFT method, are given in Figilte BMSN and
rMSN-ts revealed siilar narrow pore size distriltion with micropores (1.4 and 1.5
nm, respectively) @d mesopores (2.9 nm &8 nm, respectively). Thereence of
micropores in the shell provides accessibility of PBS to the mesoporous core and also
allows removal of dissolution products to outside of the paii3@]. The pore size
distribution of RArMSN, on the other hand, was wide between 1.5 and 7 nm which may
be due to the random nature of the silica dissolution and regrowth process and pore
widening during core dissolution and calcination processls®, seond wide peak

was olserved in the MMSN pore size distribution between 13 and 22 nm which may
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be correspond to the cracks formed on the shell during dissolution and calcination

processes.

(0]

a 00} b ® rMSN
—o—rMSN b
—0—rMSN-ts !(\)
—o—h-rMSN | S
800 ; @ 9

| 0000000000000 0.0-0
rMSN-ts

600

400 0 )
o« LQDaocnooo 00-0-0-0-0—0—0—0—0

Volume adsorbed (cm® g™' STP)

& h-rMSN
200 SO
\
? o
! QQ%O@@
@] 7 N eo—e—0
0 é OQO O'O-o’o 0—0 ~0
= L . L = T T T T T T T T T | T T T T T T | I T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 4 8 12 16 20 24
Relative pressure (P/P) Pore size (nm)

Figure 5.8: (a) N» adsorption andlesorpion curves of roeshaped parties. (b) Pore size
distribution of particles calculated using theaddlsorption and desorption curves. rMSN and
rMSN-ts showed narrow pore size distribution, on the other handSN have broad pore
size distribution (rMSN; rodshaped MSNs, rMSHE; rodshaped core/shell MSNs, and h
rMSN; rod-shaped hollow MSNs)

Surface area and pore volume of the particles were calculated using BET and DFT
methods, respectively. Surface area of rMSN is 108§ and it is reducect862
m?/g after coating the particles with solid silica shell (rM&\ Surface area further
reduced to 598 g after core dissolution {{MSN) due to loss of highly dered and
mesoporous cores. Pore volume of rMSN is £/grand it is again slightlyeduced
(0.87 cni/g) after silica coating. As expected, pore volume increases more than two
fold (1.94 cni/g) after etching the core of the particles.

Figure 5.%hows the XRpectra of the redhaped parties. rIMSN and rMSNs,
exhibited taracteristic tifraction peaks, (100), (110), and (200), of the highly ordered
hexagonal pore structure of MCGHL type mesoporous materials; whereas no order
was observed for -nMSN. Based on TEM, N adsorptiondesorption and XRD
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observations, it can be cdaded that kells of hollow paticles contains nowrdered

mesopores with large pore size distribution.
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Figure 5.9: XRD spectra of rogshaped particles. rMSN and rMS8Bl demonstrated
characteristic diffraction peaks, (100), (110), §2@0), of the highly ordered hexagonal pore
structure of MCM41 type mesoporous materials. On the other hand, pore order disappeared
after core dissolution (MMSN).

Using the porosity difference based selective dissolution method, it is possible to
premre particles with different morphologies. For instance, Figure 5.10 shows the
TEM images of the partially hollowed nanospheres. These particles contain a few large
pores in their cores. Also, it is still possible to observe ordered mesopores inthe non
dissolved parts (Figure 5.10b). To prepare the-étalied particles we increased the
particle concentration to 5 mg/mL and we kept the dissolution time and temperature
constant. Note that reaction is spontaneously quenched at this particle concentration;
further increasing the reaction time does not change the particle morphology.
Therefore, it is possible to partially dissolve the cores of core/shell particles simply

changing the particle concentration in the PBS solution.
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Figure5.10: TEM images of partially hollowed spherical particles (a) low magnification and
(b) high magnification. Partially hollowed particles contain a few large pores in their cores
and it is still possible to observe ordered mesopores in thdiasdved parts.

5.6 Possible Mecharm of Selective Dissolution Process

In order to investigate the selective dissolution mechanism, we collected samples
at different time intervals during the incubation of rM&Nn PBS at 65 °C (particle
concentration is Img/mL). However, we noticed that at this temperature core
dissolution is very fast; cores of the particles were completely etched after 30 minutes,
which prevent us from the observation of dissolution steps. To slow down the reaction
we decreased the dlution temperature tithe room temperature andcneased the
particle concentration to 5 mg/mL. As expected, the core dissolution is very slow at
these conditions. At the beginning of the dissolution process (after 1 day), many small
pores around 10 nmasg observed (Figure 5.11a). After 3 days (Figure 5.11b) pore
sizes increased and it further increased after 1 week (Figure 5.11c). This indicates that
core etch starts from multiple points, and these sites became wider with time and then
interconnected wit each other. At the end of the process all of the pores were

interconnected to form the hollow core (Figure 5.11d).
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Figure5.11: Mechanism of core dissolution processcd EM images taken at different time
intervalsduring the hollowing of rodhaped MSNs at room temperature. (a) 1 day, (b) 3 days
and (c) 7 days. After 1 day, many small pores around 10 nm was observed. The size of these
pores increased with time. Some dissolved areas outlined in red in all TEM intdges.
Schematic representation of core dissolution process.

To explore the role of PBS in the dissolution process, we replaced the PBS with
water and incubated rMSts at 65 °C for one day. We observed that in water some of
the cores were not fully diss@d (Figure 5.12) indicating that dissolution in water is
slower than in highly salted PBS environment. In fact, it is well known that silica
dissolution is faster in salted solutiori436] which is in accordance with our
observations. Nevertheless, cores of particles can be dissolved in water by decreasing

the particle concentration or prolonging the incubation time.
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Figureb5.12: TEM images of the nanorods incubated in water at 65 °C for one day. Cores of
the several particles remained completely or partially undissolved at these conditions.

We also investigated effect of calcination on the selective dissolution process. In
this case, first we calcined the particles at 550 °C for 5 h in order to strengthen the
silica network, then we incubated the particles in PBS at 65 °C for one daga®ne
expect no or partially dsolved cores for this case due to the improved condensation
degree of silica after high temperature treatnjé@}. On the contrary, we observed
that cores of the partie$ dissolved similar to the n@alcined particles (Figure 5.13).
However, shell thickness of the macined particles are almosid times thicker (14

nm) than postaldned particles.
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Figure5.13: TEM images of the poalcined nanorods after core dissolution process

5.7 SelfLuminescent Hollow MSNs

A facile fluorophorefree way to prepare luminescent silica nanoparticles is the
calcinaton of organosilanégand containing€. g.aminopropyl) silica nanoparticles
at high temperaturd448-150]. It is believed that the origin of the luminescence is the
oxygen defects formed in the silica networkridg calcination of organosilane
moieties[148]. Accordingly, we pepared selfuminescent hollow MSNs by adding
aminopropyl triexhoxysilane (APTES) during the shell growth and calcthed
particles at 400 °C for 3h. Note that, calcination process also removes the surfactant
molecules. After calcination, we hollowed therticles in PBS at 65 °C. Inset of Figure
5.14 shows the TEM image of the resulting particles. We observed that APTES
addition did not significantly affect the particle morphology. Shell thickness of the
particles were around 11 nm which is in accordamitle our previous observations.
Figure 5.14 shows the fluorescence spectrum of thduseihescent hollow MSNs
when excited at 360 nm. The broad luminescence spectrum of particles centered
around 460 nm.
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Figure 5.14: Fluorescence spectrum of sklminescent hollow MSNs in waterxX@&tation
wavelength was 360 nm). Inset shows the TEM image of the particles.
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Chapter 6

Impact ofMSN Surface Functionality on
Hemolytic Activity, Thrombogenicity and

Non-Specific Protan Adsorption

6.1 Introduction

The extensive research on mesoporous silica nanoparticles in last decade have
shown the promising potential of these materials in biomedical applications as drug
and gene carriefg9, 151154]cell markerd54, 155157] and diagnosis and therapy
agents[13, 34, 158, 159]However, most of the research focusedsynthesis and
applications of these nme&tials and only a few reports investigateditro andin vivo
toxicity of the MSNsIn vitro studieg16, 160, 161showed good biocompatibility of
mesoporous silica nanoparticles with various cell lines; neslegh, lowin vitro
cytotoxicity does not assure that MSNs are biocompatibleivo. In fact, recent
reports indicate possibla vivo cytotoxicity of silica based materials. Several groups
reported that silica and mesoporous silica nanoparticles cae kyaiss of red blood
cells (RBCs)[17, 162166]. In addition, it was reported that intravenous injection of
mesoporous silica particles to mice can be fatal due to the obstruction in the
vasculature, which may le multiple subsequent vital organ failurd8, 22] In

another study, silica nanoparticles were observed to cause pregnancy complications in
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mice[14]. These results revksl that in order to use MSNSs in biological applications,
their biocompatibility must be well characterized and improved to an appropriate level.
Interaction of nanoparticles with blood constituents deserves particular
consideration, since initial encourdeamong MSNs and the organism occurs within
the circulatory system. Therefore, determining the blood compatibility of MSNs is the
primary screening for thein vivo toxicity regarding applications that particles are
delivered by intravenous injection. Naparticles injected into the blood may cause
several adverse effects such as hemolysis and blood clot formation (thrombogenicity).
Hemolysis is the disintegration of RBCs due to deformation of their cell membrane.
MSNSs can interact with positively chady®@BC membrane electrostatically through
their negatively charged surface silanol groups; therefore they can cause hemolysis
[163]. Lin et al.[17] studiedthe hemolytic activity of several MSNs with diameters
between 25 and 225 nm and concluded that incredbmgarticle size of MSNs
diminished the hemolid activity to a degree. Also, Yet al.[165] demonstrated that
rod shaped MSNs resulted in lower hemolytic activity than spherical ones.
Nevertheless, for all cases bare MSNs cause significant hemolysis, dg@diah
concentrations. Blood clot formation occurs during hemostasis to stop bleeding from
damaged blood vessels. Some negatively charged porous materials, such as
mesoporous silica and zeolites, can accelerate the hemostasis of the blood by activation
of a coagulation cascafle67-169]. Similarly, when MSNs are injected into the blood,
they can induce clotting inside blood vessels, which can cause adverse effects, by
partially or completely blocking the blooessels, leading to stroke and dedifo-
172]. Therefore, in order to use MSNs safely in biological applications,
thrombogenicity of thesmaterials should be determingkhother blood nanoparticle
interaction to kb considered before intravenous injection of the MSNs isspewific
protein adsorption, because it can promote phagocytosis by making the nanopatrticles
visible to phagocytic cells. This results in rapid clearance of nanoparticles from blood
stream befor¢hey reach the target site and decredlseefficiency of applications
[173, 174]
All of the above mentioned blood compatibility issues are closely related with the
surfacesf the nanoparticles. Consequently,dngineering their surfaces; hemolytic

activity, thrombogenicity and nespecific protein adsorption of MSNs can be
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depressed or eliminated. Although there are some reports demonstrating modification
of MSN surfaces with organic molecules, in particplalyethylene glycol PEG), can
decrease hemolysi§l7, 164]thrombogenicity[24, 175] and nonspecific protein
adsorption[24] to our knowledge, there is no study that systematidalrgstigates
the surface effects on blood compatibility issues of MSNs. The aim of this study is to
evaluate the effects of MSN surface composition on interaction of these particles with
blood constituets (igure 6.). Accordingly we prepared five organosilane
functionalized MSNs and an equivalent Aonctionalized MSN. We also prepared
Rhodamine B dye conjugated MSNSs to evaluate the effefti@iescent tagging on
blood compatibility of MSNSs. In adition, we prepared a PEGylated MSN in order to
compare our results with a prevalent and wbkracterized surface. Besiderface
composition, particle size, shape and porosity can also affect the interactions of MSNs
with biological systems. Thereforey this study particle size (around 80 nm), shape
(spherical) and pore structure (hexagonally order8chin in size) of particles were
kept constant, while their surfaces were differefiyctionalized. We selected the
particle size around 80 nm becauseas reportethat around this particle size cellular
uptake is maximum for MSN476] and also, it is well known that particles with sizes
larger than 100 nm are rapidly cleared from the blood by the reticultetidbsystem
[17]. We selected the surface functional groups by considering two charader)stic
all surface functional groups were selected from previously used ones in MSN
synthesis for different purposes such as controlling the cargo loading and release
properties[177], fluorescent taggingd178], and improving the dispersibility of
particles inbiological media[54], ii) we select them to obtain a library of surface
functionalities that covers diverse surface properties, aniamtipnic, neutral,
hydrophobic or polar. To evaluate the blood compatibitifythese MSNs, we
examined hemolytic activity, thrombogenicity, and fspecific protein adsorption to
their surfaces in a broad concentration range. The systematic evaluation of surface
effects on blood compatibility of MSNs performed in this work cavigle important
insights about rational design of mesoporous silica systems for biomedical
applications.

This work publishedon theJournal of Materals Chemistry §2013 1, 19091920

journal Reproducedvith permission from The Royal Society @hemistry
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Figure 6.1: Schematic representation of certain interactions between mesoporous silica
nanoparticlegYMSNs) and blood constituents. Surfaces of MSNs were functionalized with
ionic, polar, neutral or hydrophobic organosilane monomers to evaluate the effect of the
surface chemical composition on blood compatibility of MSNs. They may cause hemolysis of
red Bood cells by deforming cell membrane during particle endocytosis and thrombogenicity
by activation of blood coagulation cascade. Also, proteins can bspaaifically adsorbed to

their surfaces which may reduce the blood circulation time of nanoparticles

6.2 Experimental Section

Materials: Tetraetyl orthosilicate (TEOS), Aminopropyltriethoxysilane (APTES),
Methyltrimethoxysilane (MTMS), Phenyltriethoxysilane (PTES), sodium hydroxide,
ammonium nitrate, Rhodamine B;(®DimethylaminopropyhN Mjhylcarbodiimide
hydrochloride (EDC) and Mlydroxysuccinimide (NHS) were purchased from Merck
(Germany), Trihydroxysilyl)propyl methylphosphonate (TSPMP), Human Serum
Al bumin (HSA), gamma gl obulins (2Gs) fr
(PEG, Mw = 10 kDa), pyridine, ethanol, hydrochloric a8@d%) (HCI), and rhexane
were purchased from Sigafddrich (U.S.A.), Mercaptopropyltrimethoxysilane
(MPTMS), 3(triethoxysilyl) propylisocyanate (TESPIC), cetyltriammoniumbromide
(CTAB), were purchased from ABCR (Germany), DMSO was purchased fromCarlo

Erba (Italy) and all chemicals were used as purchased.
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Synthesis of organosilane functionalized MSAk MSNs were synthesized by
slightly modifying previous methodR!5, 46, 101] Briefly, 0.102 g CTAB was
dissolvedin 50 mL of deionized water and 0.3 mL of 2 M NaOH was added. The
reaction mixture was heated to 70 °C and 0.5 mL of TEOS was rapidly added under
vigorous stirring (600 rpm). After 15 min, for-MSN 80 pL of APTES, for MSN
180 pL of TSPMP (42 wt. % in ater), for MMSN 49 L of MTMS, for PAMSN 85
puL of PTES and for IMSN 66 pL of MPTMS was added to satisfy 0.15
organosilane/TEOS molar ratio. All organosilane monomers except TSPMP were first
dissolved in 0.5 mL of ethanol and this solution was addedwdsep TSPMP was
directly added. The reaction mixture was further stirred for 105 min. Also & non
functionalized MSN was prepared without the addition of any organosilane monomers.
Finally, particles were collected by centrifugation at 8500 rpm for 15 ndimeashed
with ethanol twice. To extract CTAB, MSNs were dispersed in 50 mL of 20 g/L
ammonium nitrate solution in ethanol and stirred vigorously at 60 °C for 30 min. This
treatment was repeated twice and the particles were washed with ethanol afterwards.
The washed patrticles were added to 50 mL of 5 g/L HCI solution in ethanol and stirred
vigorously at 60 °C for 30 min. Then, particles were collected by centrifugation,
washed with ethanol twice, and dispersed in 50 mL of ethanol.

Synhesis of Rhodamine t&gged MSNTo prepare RMSN, 2 mg of RB dye was
dissolved in 1 mL of DMSO and 9.3 yL of APTES was added. To this solution 3 mg
EDC and 2 mg NHS was added and the reaction mixture was stirred an2@dr 24
h at room temperaturfd78]. Then, dye solution was added to the reaction mixture
immediatey after TEOS addition, whereas other reaction parameters were kept the
same as with the MSN case.

Synthesis of PEGylated MSREG (Mw = 10 kDa) was coupled with TESPIC
through addition reaction between hydroxyl groups of PEG and isocyanate groups of
TESPICto prepare PEGilane monome24]. Before reaction, 100 mg PEG was dried
at 90 °C in a vacuum oven for 18 h. The dried PEG was dissolved in 30 mL of dry
pyridine under argon atmosphere by vigorous stirring &Crfor 6 h. Then, 2.63 mL
of TESPIC was added to the reaction mixture and stirred for further 24 h. Pyridine was
removed by rotary evaporation and a yellowish product was obtained. The raw product

was washed twice with-hexane. Then, the product was digsd in ethanol at 35 °C
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(at room temperature the product is poorly soluble in ethanol) and precipitated at 4 °C
overnight. Finally, PEGilane monomer precipitate was dissolved in 30 mL ethanol
and stored at 4 °C.

To graft the PEGilane to the MSN suréa, 20 mg MSN was suspended in 24 mL
of acidic (pH = 4) ethanol/water mixture (volume ratio, 1:2) and 1.5 mL of-ElEeGe
monomer solution was added to this solution under stirring at 600 rpm. After 24 h, the
product was precipitated by centrifugationr8&00 rpm for 15 nm and washed with
water twice.

Hemolysis assayHHemolysis experiments were performed according to previous
reports[17, 164] EDTA stabilized human blood samples were freshly obtained from
volunteers at Bilkent University Health Center (Ankara, Turkey). First, 3 mL of blood
was centrifuged at 1600 rpm for 5 min and blood plasma and surface layer was
removed. Remaining RBC pellet was washed five times with 6 mL of PBS solution
and RBCs were diluteid 25 mL of PBS solution. Then, 0.8 mL of MSNs solutions in
PBS at different concentrations were added to 0.2 mL of RBC suspension. Also,
positive and negative control samples were prepared by adding 0.8 mL of water and
PBS, respectively to 0.2 mL of RB&lution. Then, samples were incubated at room
temperature for 2 h. The samples were slightly shaken once for every 30 min to
resuspend the RBCs and MSNs. After 2h, samples were centrifuged at 1600 rpm and
100 pL of supernatants was transferred to-av@6 plate. Absorbance of hemoglobin
in supernatants was measured with a microplate reader at 570 nm. Also, absorbance at
655 nm was recorded as referenBercent hemolysis values were calculated from
three separate e x fiestrwasnapphdttcsall dafe sedstaoddtleen t 0 s
difference between them accepted to be statistically significant when p < 0.05.

Coagulation assaySamples for PT and aPTT were prepared according to a
previous metho¢b1]. Briefly, 40 pL of particles in PBS mixed with 360 pL of freshly
prepared plasma from citrated blood samples, to give final particle concentrations of
0.1 or 1 mg/mL, and incubated for 5 min at 37 °C. Then particles were centrifuged and
50 pL portions of supernatants mgeused to measure PT and aPTT values using a
semtautomatic blood coagulation analyzer (Tokra Medikal, Ankara, Turkey). Control
samples were prepared using 40 pL PBS. All PT and aPTT values were calculated

from at least three separate measurements.
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Nonspecific protein adsorptionNon-specific protein adsorption of MSNs were
determined by mixin@.5 mL of 0.6 mg/mL protein solution in phosphate buffer with
0.5 mL of MSN solution in PBS alk4].2l mg/ mL
samples were shaken for 2 h at 37 °C and then particles were precifyated
centrifugation at 8500 rpm for 15 min. The absorbance of proteins in the supernatants
at 280 nm was recorded using a W6 spectrophotometer. The adsorbed protein
percentages were calculated using a calibration curve. Protein adsorption percentages
were calculated from three separate experiments.

Characterization: Transmission electron microscopy (TEM) images were taken
using a Tecnai G2 F30 (FEI) microscoperay powder diffraction (XRD) spectra
were taken wusing an X0 pevinetriclanatyseg (FGA) al y t i
were performed with Q500, (TA Instruments). FTIR spectra of MSNs were collected
by using a Fourier transform infrared spectrometer (FTIR, Vertex 70, Bruker). Zeta
potentials of MSNs were measured with Zetasizer Nanoseries (Mahstraments).
Optical absorption measurements of released hemoglobin were carried out using a
Microplate reader (Spectramax M5, Molecular Devices). Optical absorption
measurements of proteins were carried out using a/l$\NIR Spectrophotometer
(Carry 5@0, Varian). Fluorescence spectrum eMSN was recorded with an Eclipse
spectrophotometer (Varian).

6.3 Synthesis and Characterization of Surface Functionalized
MSNs

Organosilane functionalized mesoporous silica nanoparticles were synthesized via
sequernal condensation of Tetraetyl orthosilicate (TEOS) and organosilane monomers
in the presence of surfactant Cetyltriammoniumbromide (CTAB) in basic conditions.
Five different organosilane monomers were selected to obtain MSNs with diverse
surface propertie§Table 6.1). Positively charged aminopropyl, negatively charged
methylphosphonate, hydrophobic methyl and pheayld polar mercaptopropyl
functionalized mesoporous silica nanoparticles were synthesized and named as A
MSN, PMSN, M-MSN, PRMSN and TFMSN, respectively. All MSNs were
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synthesized using 0.15 organosilane monomer/TEOS molar ratio and organosilane
monomers were added 15 min after the TEOS addition to form organosilane rich
surfaceq45]. Also, nonfunctionalized mesoporous silica nanoparticles (MSN) were
prepared without addition of any organosilane monomer. In addition, we prepared
fluorescently tagged MSNs using Rhodamine B (RBg,dp evaluate the effect of
fluorescent tagging on blood compatibility of MSNSs. In order to attach the RB to silica
network, we first conjugated it with APTES in the presence of EDC/NHS. Then TEOS
and dye solution was polymerized in basic CTAB solutidhpArameters were same

with MSN synthesis except RBPTES conjugate addition.

Surface Organosilane Size diod TGA Organic
Sample Functionality Method Monomer (TEM) (nm) Weight Content
mol (%)? (nm) Loss (%)  mol (%)¢
MSN -OH Co-condensation 0 78115 418 7.0 0
A-MSN -(CHg)s-NH; Co-condensation 15 75114 418 154 8.7
P-MSN -(CHp)s-P(CH;)Os  Co-condensation 15 81+12 413 103 1.6
M-MSN -CHs; Co-condensation 15 76113 408 8.8 8.0
Ph-MSN -CgHs Co-condensation 15 83111 413 16.3 8.5
T-MSN -(CH)s-SH Co-condensation 15 82115 406 154 7.8
R-MSN -(CH)s-RB Co-condensation n/a 62+12 4.3 115 n/a
PEGMSN  -[OC;H,],-OH Grafting n/a 80+13 n/a 17.5 0.076

Ratio to TEOSPInterplanar spacingAt 800 °C.%From TGA results.

Table6.1: Physical properties of mesoporous silica nanopatrticles.

PEGylated nanopatrticles, as well as MSNs, have been studied by several groups
and they were weltharacterized in terms of hemolytic activity, thrombogenicity and
non-specific praein adsorptiorj24, 175] Therefore, in this study we also prepared a
PEGylated MSN (PE@ISN) as control. The PE®ISN was synthesized according
to a previous repoifR4]. In brief, PEG (molecular weight = 10 kDa) was grafted to
the MSN surface after conjugation with TESPIC.

Figure 6.2ad shows the TEM images of MSN (Figuée2a,b) and IMSN (Figure
6.2c,d. The particle size distributions were calculated based on TEM snage
given as insets iRigure 6.2a,cParticle diameters of all MSNgalculated from TEM
images)are summarized in Tabl. All MSN are spherical and they have similar
particle sizes around 80 nm with the exception dfI8N, average particle diameter
of R-MSN is 62 £ 12 nm, and they are fairly monodisperse. Also, after PEGylation a
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thin organic layer is observed around MSNhirthe TEM image of PE®SN (Figure

6.3) and the particle size is slightly increased to 80 nm from 78 nm (%dble
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Figure6.2: TEM images of (a,b) MSN and (c,d)NPSN. The uniform size distribution and
mesoporous structure of the particles can be clearly observed from TEM images. The insets in
(a,c) shows the particle size dibution of MSN and PMSN, respectively. () XRD spectra

of all MSNs.

Mesoporous structure of the particles can be clearly observed from the TEM images
and poresizes were found to be arouneB2am. Pore structure of the particles was
further investigateé by XRD (Figure 6.2e All particles exhibited characteristic
diffraction peaks, (100), (110), and (200), of highly ordered hexagonal pore structure
of MCM-41 type mesoporous materials. The interplanar d(100) spacing of all MSNs
are given in Tablé.1. The d(100) valuesf particles are very close to each other
(except RMSN which is slightly higher than others) indicating that functionalization
with organosilane monomers did not significantly affect the pore structure of MSNSs.
For RMSN, observed decrease particle size and increase in d(100) spacing are
resulted from the interaction of bulky RB molecules with the CTABettes[179].
Nevertheless, RISN exhibits comparable parteckize and pore structure with other

particles.
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Figure6.3: TEM image of PE@GVISN. Thin organic layer formed around the particles can be
observed from the TEM image

Functionalization of MSNs with organtsne monomers was verified by TGA and
FTIR. The TGA spectra of all particles are given in Figure 6.4. The weight loss at 800
°C is between 8.8% and 16.3% for organosilane functionalized MSNs and 7% for bare
MSN. The difference in weight loss between MSN &mctionalized MSNs can be
addressed to decomposable organosilane groups. Also, feMERGa large weight
loss of 17.5% was observed. Based on TGA results, the molar organic content of
functionalized MSNs were calculated and given in Table 6.1. FMSR it is
impossible to calculate exact molar content of conjugated RB molecules because of
the excess APTES monomer used during synthesis which can also bind to the silica
network. Therefore, to further prove the successful RB conjugation we give the
fluorescence spectrum of -RSN (Figure 6.5, which demonstrates the bright
fluorescence of MMSN originated from RB dye. The organic contents of other
particles are variable although they were synthesized in same condttbod MSNs
except PMSN, highly furctionalized MSNs (7.8 to 8 Mol %) were achieved. On the
other hand, for MSN organic molar content is only 1.6%. The diversity of the
organic content values can be attributed to difference in the reactivity of organosilane
monomers in synthesis solutioflso, for PEGMSN 0.076 mol % grafting of PEG
molecules to the MSN surface was calculated according to the TGA results.
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Figure6.4: Thermo gravimetric analysis spectra of all MSNs.
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Figure6.5: Fluorescence spectrum ofNMSN. The bright fluorescence of Rhodamine B dye
can be clearly seen.
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FTIR spectraof particlesare given in Figure 6.6. ThR€H absorption peak around
3000 cm! was observed for all fumionalized particles indicating the presence of
organic groups. Also, same peak was observed in bare MSNs spectrum which may be
becaise of residual CTAB. Yet, th€H absorption peak of bare MSNs was weaker
than that of functionalized MSNs. Furthermom@ne additional peaks were observed
for functionalized MSNs. For example, for-RIEN the absorption peaks of aromatic
ring at 700 and 740 cfrand for PEGMSN the absorption peaks ofi€bonds at 1350

and 1465 cmare clearly observable.
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Figure6.6: FT-IR absorption spectra of all MSNs. TheHCabsorption peak around 3000'cm
Lis more distinct for functionalized MSNs.



The zeta potentials of MSNs in PBS solution were measured in order to characterize
their surface properties (Table 6.2). Thwrface of bare MSN is highly negative; zeta
potential is-22.4 mV, because of negatively charged silanol groups. Aminopropyl
functionalized AMSN exhibits positive surface charge (0.6 mV). The positive zeta
potential isbecause of the replacement of silanol groups with positively charged
aminopropyl groups. Also, positively charged RB conjugation increased the zeta
potential of MSN to-9.77 mV. Surface modification with negatively charged
methylphosphonate does not sigantly affect the zeta potential2(l.7 mV) of the
MSNs due to having the same charge with silanol groups. Also, for particles with
uncharged functional groups (MSN, PRrMSN, T-MSN, and PEGVSN) zeta
potential becomes less negative due to the repladeofesilanol groups with

uncharged groups.

Sample Zeta potential (mV) in PBS at pH 7.4
MSN -22.4

A-MSN 0.6

P-MSN -21.7

M-MSN -15.9

PhMSN -20.4

T-MSN -21.3

R-MSN -9.77

PEGMSN -18.9

Table6.2: Zetapotentials of mesoporous silica nanoparticles.

6.4 Hemolytic activity of Surface Functionalized MSNs

A hemolysis assay was used to determine the toxicity of MSNs on RBCs. 0.2 mL
of isolated RBCs were mixed with 0.8 mL of nanopatrticles in PBS to giveedesir
MSN concentration, at a range of 0.05 to 1 mg/mL, and incubated at room temperature
for 2 hours. Also, positive and negative control samples were prepared by adding 0.8
mL of water and PBS, respectively to RBCs. For every 30 min precipitated cells and
particles were resuspended by gentle shaking. Hemolytic activity of MSNs was
determined by measuring the absorption peak of hemoglobin at 570 nm which was

released to the solution from hemolyzed cells.
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Hemolysis resu#t for all MSNs are given in Figure 6.7he higheshemolytic
activity was observed for bare MSNs (5.5% at 0.1 mg/mL and 46.5% at 1 mg/mL). On
the other hand, all MSNs functionalized with organic groups were demonstrated to
have reduced or no hemolytic activity (Figure 6.7a). Also, photograpbwing
precipitated RBCs at the end of hemolysis experiment are given in Figure 6.7b. The
red color of released hemoglobin from damaged cells is clearly observable for MSN,
M-MSN, and PHMSN. For AMSN, RPMSN, T-MSN, and PEGVSN the
supernatants are alstacolorless at all concentrations. The functionalization of MSNs
with charged or polar groups {MSN, PMSN, T-MSN and RMSN) can almost
completely prevent the hemolytic activity. We observed 1.1%, 2.0% and 2.2%
hemolysis percentages forSN, T-MSN andR-MSN, respectively at 1 mg/mL and
for all other cases there were no detectable hemolysis for these three MSNs. Also,
surface modification with PEG significantly reduced the hemolytic activity of MSN
(1.1% at 1 mg/mL) as previosuly reportgd4]. Surface modifications with
hydrophobic methyl and phenyl groups did not completely prevent the hemolytic
activity but significantly reduced it. PISN did not exhibit any hemolytic activity up
to 0.25 mg/mL; however, aftethat concentration the hemolysis percentage
dramatically increased. MISN exhibitedhemolytic activity for all concentrations,
yet it was lower than hemolytic activity of MSNSs for all cases.

It wasreported that hemolysis assays may give false negasuttsdecause of
adsorption of hemoglobin on partidarface§180] andfalse positive results because
of the toxicity of residual CTAB surfactafit7]. The adsorption of hemoglobin on
particle surfaces can cause the removal of hemoglobin from the solution during
centrifugation; therefore, lower hemolysis@entages than their actual values might
be calculated. To investigate the adsorption of hemoglobin on MSN surfaces, we
incubated MSN and MSN with positive control sample (all RBCs are lysed with
deionized water and all hemoglobin is released) for twardfinal particle
concentration is 1 mg/mL) arabsorbancef hemoglobin at 570 nm was measured
after precipitating MSNs with centrifugation. There is no significant difference
between MSN and MSN treated and control samples. Thus, it can be saidthat
a small percentage of total proteins in the solution adsorbed on the surface of

nanoparticles. The possible hemolysis due to toxicity of residual CTAB was
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investigated by treating the RBCs with the supernatant of Img/mL MSN solution for
two hours. Thesupernatant did not cause any hemolysis. Therefore, we verified that
adsorption of hemoglobin by MSNs or toxicity of residual CTAB effects does not

interfere with the hemgsis assay used in this study.

(@) (b) Control  MSN Concentration (ug/mL)
50 - e (-) (+) 50 100 250 500 1000
—o—MSN
| —o—A-MSN | MSN
—4A—P-MSN
40 + —v—M-MSN o
Ph-MSN
| —<—T-MSN A-MSN
= —p—R-MSN
> 30 b —o—PEG-MSN
@ P-MSN
(2]
>
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L M-MSN
10 | 4 Ph-MSN
3/ T-MSN
e e 1
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Figure6.7: (a) Hemolysis percentages of all MSNs at different concentrations between 0.05
and 1g/mL, which were incubated with RBCs for 2 h. Data generated from three independent
experiments. All functionalized MSNs demonstrated lower hemolytic activitypaoced to

bare MSN at all concentrations. Furthermore, favi8N, RMSN, T-MSN, R-MSN and PEG

MSN almost no hemolytic activity was detected. (b) Photographs of RBCs threated with alll
MSNSs at different concentrations. The released hemoglobin from the dhmeligein the
supernatant can be sefeom the photographs:)(and (4 controls are the RBCs in PBS and

water, respectivel y. Student s t test anal y:
(p<0.0001).

We also examined the effect of surfacadtional group density on hemolysis by
aminopropyl functionalized particles prepared using APTES to TEOS molar
percentages between 2.5% and 15%. The MSNs were nameeMSM where X is
the APTES to TEOS molar percentage. All aminopropyl functionaliz&N#are
listed in Table 6.3. The organic content of the MSNs were determined using TGA
method. The weight loss of MSNs gradually increases with increasing APTES amount
as expected. Based on TGA results, organic contents of-M8Ms were calculated
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and gven in Table 6.3. The zeta potentials of the particles were also given in Table
6.3. As the APTESatio decreases the zeta potential of the particles becomes more

negative because of reduction in the number of positively charged surface aminopropyl
groups.

Sample TGA Weight Organic Content Zeta potential

Loss (%) mol (%)° (mV)
A15-MSN 154 8.7 0.6
A10-MSN 14.2 7.6 -3.1
As-MSN 13.1 6.4 -8.1
A25-MSN 11.6 4.8 -10.5

3At 800 °C.PFrom TGA results
Table6.3: Organic contents and zeta potentials aminopropyl functionalized MSNSs.

Hemolysis caused by aminopropyl modified MSNs at 0.1 and 1 mg/mL patrticle
concentrations are given in Figure 6.8. Themolytic activity of the MSNs
significantly reduced even at lommounts of (2.%) aminopropyl functionalization.

We observed 2.2% hemolysis only when the cells incubated with-M38s at 1
mg/mL. At same concentration bare MSN particles induced 46.5% hemolysis. For all

other cases there was no detectable hemolysKs-MSNs.
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Figure6.8: Hemolytic activity of MSNs functionalized with APTES between 2.5 to 15 molar

% with respect to TEOS. Student s t test an:

data (p<0.001).
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Lastly, we showed that high hemolytic activity of the MSN can be reduced by
interacting particles with human serum albumin (HSA) before the hemolysis
experiment. 2.5 mg/mL of MSNs in PBS were incubated with different amounts of
HSA for 1 h. The HSAconcentration was varied between 0.01 mg/mL and 1 mg/mL.
The hemolysis results of MSNs preteracted with HSA at 1 mg/mL particle
concentration, (Figure 6.9) revealed a gradual decrease in the hemolytic activity of
MSNs with increasing HSA concentratioAt 1 mg/mL HSA concentration we

observed a hemolytic activity of only 1%.

I ' = i |
0.1

0.01 0.25 1
HSA concentration (mg/mL)

Hemolysis (%)

Figure 6.9: Hemolysis results of HSA coated MSNs. With increasing HSA concentration
reduced hemolytic activity was observed.

6.5 Effect of Surface Functionalized MSNs on Blood

Coagulation

To study the thrombogenicity of the MSNs, we measured the PT and aPTT of
nanoparticles at two different particle concentrations, 0.1 mg/mL and 1 mg/mL. PT is
used to investigate extrinsic coagida pathways and aPTT is used to investigate
intrinsic coagulation pathways. Also, both methods are used to evdleatemmon
coagulation pathwayf®1]. Figure 6.1G6shows the PT and aPTT resultdvbNs. The
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PTand aPTT results revealed that none of the functionalized or bare particles result in

a significant activation of common, intrinsic or extrinsic pathways of coagulation.

Control  MSN

A-MSN P-MSN M-MSN Ph-MSN T-MSN

R-MSN PEG-MSN

I PT
I =PTT

ok

dek

MSN

Control

Figure6.10: (a) 0.1 mg/mL particleoncentration. All PT and aPTT values are within their
normal range. (b) 1 mg/mL particle concentration. All PT values are within their normal range;

Bl PT
Bl aPTT

%
>k

A-MSN P-MSN M-MSN Ph-MSN T-MSN R-MSN PEG-MSN

however, aPTT values for-RSN and especially®ISN is higher than normal value, which

indicates that thee particles inhibit the intrinsic pathways of coagulation at this concentration.

Data were generated
test, *p<0.05 and ** p<0.0001.

from
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| east
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Administration of MSNs to the blood serum slightgduced the PT compared to

control at both concentrations; however all values were within the expected irange (

e.ratio between PT values of MSN treated serum and control serum is between 0.82

and 1.15). Also, we did not observe any alteration in the aPMSNSs at 0.1 mg/mL.

All aPTT values were in their normal range, which is between 25 and 36 s. However,

at 1 mg/mL we observed significantly prolonged coagulation times for MRS,
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R-MSN and PEGVISN. In addition, aPTT of ®MSN is significantly highethan upper
limit of the normal values which is 60.5 + 2 s. In other worddJ3N showed
moderate anticoagulation behavior at 1 mg/mL concentration by inhibiting the

intrinsic pathways of coagulatigth81].

6.6 Nm-Specific Protein Adsorption onto Surface

Functionalized MSNs

We studied nosspecific protein adsorption on surfaces of MSNs using HSA and

2Gs which are the mostly abundant protei

is 18% percent of the total seryproteins)[24]. Al so, 0Gs adsorptio

surfaces is particularly important because these proteins can mark the foreign particles
and make them visible to mononuclear phagocyte system (opsonizatiai) leduils

rapid clearance of nanopatrticles from blqt8é2]. Particles in PBS were mixed with
protein solution in phosphate buffer (pH 7.4) to give final concentration of 0.3 mg/mL
proteins. The solutions were shakat 37 °C for 2 hours and the nanoparticles were
precipitated by centrifugation. The percentage of adsorbed proteins on MSNs was
calculated by monitoring the absorption band of proteins at 280 nm before and after
interacting with MSNs.

Figure 6.11 showdshe amount of adsorbed proteins on nanoparticle surfaces
compared to MSN. Also, adsorbed protein amounts are listed in Table 6.4. PEGylation
significantly reduced the nespecific protein adsorption to the MSdurface, as
previously reported24]. Interestingly, protein adsorption ofMSN and especially
PPMSN are significantly | ower than MSN
MSN surface with small methyl groups did not significantly affect the protein

adsorptiomn properties. On the other hand, phenyl and mercaptopropyl modification

f

0

| argely increases the HSA and 0Gs adsor pi

charged and hydrophobic RB modification resulted in a slight increase in HSA

adsorption butsigniiant decrease in 9Gs adsorption.
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Relative protein adsorption
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Figure6.11: Protein adsorption percentages of nanoparticles. Data were generatéaréem

independent experiments.

Adsorbed protein (nmol/mg MSN)

Sample HSA 2Gs

MSN 6.98 £ 0.12 1.28+0.1
A-MSN 6.4+0.14 0.92+0.04
P-MSN 3.0+0.2 0.39 £ 0.08
M-MSN 6.32 £ 0.66 1.22+0.12
PhMSN 8.0+0.5 1.56+0.1
T-MSN 8.5+0.48 1.78+0.18
R-MSN 7.7+£0.58 0.94 +0.05
PEGMSN 1.2 + 0.004 0.26 £0.12

Table6.4: Protein adsorption amounts of MSNs.

6.7 Discussion on Blood Compatibility of MSNs

Blood compatibility is probably the most critical issue regarding administration of

MSNs as drug or biomolecule carriers and dhesstic agents, not only because their

interactions with blood constituents in circulatory system can result in significant

toxicity to organisms, but also cell membrar@noparticle interactions are quite

similar for all cell types. Surface compositionMENSs is one of the predominating

factors determining these interactions, which fundamentals have not been elaborately

comprehended yet. In this context, we systematically studied blood compatibility of

mesoporous silica nanoparticles possessing ionicropydbic or polar surface
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functional groups, in terms of their hemolytic activity, thrombogenicity and non
specific protein adsorption.

There are some repof, 161, 164ihat investigate surface effects on mations
of MSNs with biological systems in terms of cellular uptake, cytotoxicity, hemolytic
activity and norspecific protein adsorption. However, previous reports generally
categorized the surfaces simply as positive (aminopropyl modified), negatreg (ba
and neutral (PEGylated). On the other hand, our research demonstrates that
interactions between MSN surface and biological systems are much more complicated
than that and cannot be evaluated on the basis of only surface charge. For instance,
bare MSN ad RMSN both demonstrates highly negative surface charge; but their
hemolytic activity, thrombogenicity and n@pecific protein adsorption properties are
all completely different.

Recently,Slowing et al. [164] observedthat hemolytic activity of MSNs can be
prevented by modifying the surface with some ionic surface functional groups, such
as aminopropyl and carboxylic acid. On the contrary,eYal. [166] reported that
aminopropyl modification increases the hemolytic activity of silica nanoparticles.
Also, there is a disagreement in the origin of the hemolytic activity of silica
nanoparticles. Slowinget al. [164] claimed that thehemolytic activity of silica
nanoparticles is related with the surface silanol groups; on the other haet al¥u
[166] concluded that it is related with the zeta potential of the surface. Therefore, to
clarify these points and understand the surface effects on hemolytic activity
elaborately, in this study we used a large library of surface functgyoalps with
different characteristics. (. hydrophobic, aromatic, polar, neutral, positively charged
and negatiely charged). Ouresults (Figure 6.7) indicatbat there is no correlation
between net surface charge (zeta potential) and hemolytic activity of MSNs (in the
studied zeta potential range, betwe2@ and 1 mV); instead it is very specific to
number of acessible surface silanol groups regarding the RBC membrane. We
observed that hemolytic activity of MSNs can be prevented almost completely in the
studied concentration region, by modifying the MSN surfaces with butkypared
to other functional groupgminopropyl, methylphosphonate propyl, mercaptopropyl,
RB and PEG moieties. The improved compatibility of these MSNs with RBCs is

mainly resulted from reduced number of accessible surface silanol groups by steric
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hindrance of the bulky functional groupslsd, AMSN, T-MSN, RMSN and PEG

MSN are not expected to electrostatically interact with positively charged trimethyl
ammonium head groups of the cell membrane lipids since their functional groups are
positively charged or neutral at pH 7#3]. In additon, we observed that even a
small amount of positively charged and bulky aminopropyl functionalization can
dramatically reduce theemolytic activity of MSNs (Figure 6.8) by preventitige
interaction of silanol groups with cell membranes. Furthermoeesithnol specificity

of hemolytic activity of silica particles was also shown by coating the particles with
HSA. The HSA corona formed around the particles blocks the surface silanol groups
and results in a significant dease in the hemolytic activif}84].

Interestingly, negatively charged\®SN (zeta potential i21.7 mV, which is very
close to that of bare MSN) also did not cause significant hemolysis although
electrostatic interaction between methylpploonate and positively charged RBC
membrane could be expected. The energy released from the binding of the MSN on
the RBC membrane and the free energy required for bending of the RBC membrane
around MSNs are two competitive parameters that determinatdgradtion among
MSNs and RBCs. If energy released thorough binding is greater than energy required
for bending.endocytosis of MSNs isccurred 183, 185] The released energy during
binding of RMSN to the RBC mmbrane is expected to be less than the released
energy during MSN binding, because methylphosphonate is a softer ligand than
silanol, which may not meet the energy required for excessive membrane bending
needed for endocytosis of particles. It can be cmled that IMSN did not cause any
significant hemolysis because of its low binding affinity to RBC membrane.

Also, small methyl and phenyl functional groups can decrease the hemolytic
activity of MSNSs to a degree. One reason of lower hemolytic activityesie particles
relative to the bare MSNs may be the replacement of some surface silanol groups with
metyl and phenyl groups. In addition, methyl and phenyl groups can also hinder the
interaction among silanol groups and RBC membrane however; they neigitb
bulky enough to prevent the interaction completely.

It has been reported that dry mesoporous silica materials can be used to increase the
rate of hemostasis by activating coagulation pathways due to their high absorption
capacitied169]. However, PT and aPTT results revealed that MSNs prepared in this
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work did not activated extrinsic, intrinsic or common coagulation pathways up to a
concentration of 1 mg/mL. This guarantees that particles do not have any
thrombogenic activity in the studied concentration region. The observed low coagulant
behavior of MSNs can be explained by the already PBS filled pores of these materials,
which significantly diminish the absorption capacity of particespared to their dry
state[51, 175] Also, it should be noted that, the highest concentration used for
thrombogenicity experiments in this study, 1 mg/mL, was roughly equal to a particle
dose of 100 mg/kd18], which is asufficient dose for intravenous applications of
MSNs[186].

Surprisingly, we observed significantly prolonged aPTT value fM3N at 1
mg/mL, which indicate that-RISN can inhibit the intrinsic coagulation pathways, bu
it doesndt have any signifi camMechamiénfse ct
causing the anticoagulant behavior eMBN arebeyond the extent of this study, but
definitely further experiments are required.

As in hemolytic activity experimentihere is no correlation between surface charge
of particles and their thrombogenicity. Negatively chargddIN showed significant
anticoagulant behavior at 1 mg/mL concentration; however bare MSN did not show
any anticoagulant behavior. Also;NPSN and RMSN were modified with negatively
and positively charged functional groups, respectively, but both showed prolonged
aPTT.

Protein surface is heterogeneous and contains charged, polar and hydrophobic
moieties. Due to their various surface groups they csityesdsorb onto the surfaces
via many interactions such as ionic and hydrophobic interactions and hydrogen
bonding. Consequently, when nanoparticles are injected into the blood their surface is
rapidly covered with a layer of blood proteins cabedorogin corongd173, 187189
For many biological applications, the nepecific protein adsorption on the
nanoparticle surfacesisdesirabldecause it increases the uptake of nanoparticles by
immune cells, which educe the blood circulation times. For effective use of
nanoparticles in biological applications ngpecific protein adsorption must be
prevented or reduced to an appropriate I§VEL].

We observed significartllower protein adsorption for-MSN, RPMSN and PEG
MSN than bare MSN. Although ionic aminopropyl and methylphosphonate propyl
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groups are expected to interact with proteins mainly through hydrogen bonding and
lonic interactions, as silanol groups of MSNe tower protein adsorption of-RMSN
and PRMSN may arise from the steric repulsion of flexible propyl chains of their
functional group$24]. For MMMSN there is no statistically significant difference from
MSN in asorbed protein amounts which is because of the methyl groups are not large
enough to prevent interaction ofegiol groups with proteins. On the other hand phenyl
and mercaptopropyl modification largely increase the protein adsorption for both HSA
and 09Gs. The hi gher-Ma\daadoFMPN canobe attcbatedaoc | t y
their more complex surface structuresich can provide additional interactions; such
as hydrophobic and polar interactions, for protein binding. FEISR increased HSA
adsorption and reduced 292Gs adsorption <co
HSA adsorption of RMSN can be attributed tds higher surface area than other
particles due to its smaller particle size. HowevetMB N st i | | adsorbs
compared to MSN.

PEGylated surfaces are for long known as protein resistant due to their hydrophilic
and flexible natur§l90]. Accordingly, Wanget al.[49] and Heet al.[24] showed that
protein adsorption on MSN surface can be significantly reduced by grafting their
surfaces with PEGyl ated coatings. Simila
80% reduction in HSA adsorption was observed for RVE&IN. Surprisingy, here we
observed comparable results (70% decreas
can be achieved by modifying the MSN surface with a small organosilane ligand;

methylphosphonate propyl using a facile -quog¢ method.
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Chapter 7

Fluorescent DopameSensing Based om
Stu Formation of Visible Light Emitting

Polydopamine Nanoparticles

7.1 Introduction

Dopamine (DA), a catéwmlamine neurotransmitter, rdgtes many biological
processes in central nervous, hormonal, and cardiovascular sygieins192]
Abnormal DA concentrations in biological fluide.(g. urine, blood plasma and
extracellular fluid of the central nervous system) can be indicator of several diseases
such asschizophrenia and Huntingtoned Par ki ns [193495] Idthis eas e s
regard, sensitive and selective measurement of DA levels is important for diagnosis of
these diseases and monitoring of patigi@6]. Common DA detection methods
utilize electrochemical analysis,[197-199] chromatography coupled with
spectroscopj200, 201](e. g.HPLC-fluorescence and G®IS) and fuorescen{202-

206] or colorimetric probeg191, 207](e. g.organic dyes, quantum dots and gold
nanoparticles). These methods, however, have some limitations. For énstanc
interference from uric acid (UA) and ascorbic acid (AA) largely limits selectivity of
electrochemical methods. Chromatographic methods on the other hand, are time

consuming, labor intensive and expensive with complicated procedures. Similarly,
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synthesiof fluorescent or colorimetric probes for DA detection involves complicated
and time consuming procedures.

A straightforward, coseffective and rapid alternative for DA detection is
measuring the optical absorption of oxidation product of dopamine abkkdme
conditions[208-212]. These assaysse only a common base. (g. NaOH) or other
oxidants €. g.enzymes) as reagent and DA concentration is determined by simply
measuring the optical absorption of resgti brownish oxidation product.
Unfortunately, the method demonstrates a poor sensitivity around a few uM. In these
oxidation studies, the product is assumed as quinone derivative of dogaothe
However, recent studies demonstrated that under alkaline conditions the quinone
product is unstable and rapidly polymerized by covalent attachmenggnebation
[213-215]. The resulting polymer is commonly referred as polydopamine (PDA)
which is structurally very similar to the natural eumelanin polyrf#t6]. Although,
fluorescence property of eumelanins is known for more than 40 years and there is an
ongoing research to understand the interesting optical properties of these materials;
[217-219] the fluorescence of PDA is laidgeunexplored. To our knowledge, only
very recently Zhanget al, [220] reported that purified PDA nanoparticles are
fluorescent and can be used for cellular imaging.

Here, we explored the intrinsic emission prdpes of PDA nanoparticles which
were synthesized by oxidizing DA under different conditions, and demonstrated that
it can be used as tuon type fluorescent reporter of DA existence. The introduced
method is based on monitoring the visible light emisgibin situ synthesized PDA
nanoparticles and it is capable to detect very low DA concentrations (detection limit is
40 nM). Note that, reached detection limit is 20 to 750 fold better than the methods
that measure the absorption of oxidization solutibiA. Initially, we studied the
fluorescence property of PDA synthesized under different basic conditions. We
observed that the emission spectrum of PDA is very dependent on time, and base type
and its concentration. Then, under optimized conditions, werpgeed DA sensing
experiments. Finally we showed that the method is very selective to DA and no
interference from AA or UA is observed.

This work published on t Analytical Chemistry journalReproducedwith

permssion from TheAmerican Chemical Society.
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7.2 Experimental Section

Materials: Dopamine, ascorbic acid, glucose, urea, sucrose, aspartic acid, alanine,
glycine, lysine, hydrochloric acid (37%) were purchased from Sigidech
(U.S.A.), sodium hydroxide was purchased from Merck (Germany). All chemicals
were used as purchased.

Oxidization of dopaminet.8 mL of freshly prepared gamine (100 uM) solutions
in phosphate buffered saline (PBS) (2 mMH 7.4) were oxidized by dragse
addition of 200 uL of Tris base (final concentration in the solution is 10 mM) or NaOH
(final concentration in the solutions are 0.5 mM, 10 mM and 20 mM) stock solutions.
Time dependergvaluation of UVVis or fluorescence spectra of the solutions vuere
siturecorded using UWis absorption (Cary 5000, Varian) and fluorescence (Eclipse,
Varian) spectrophotometers, respectively.

Characterizatim of polydopamine nanoparticle5.:4 mL of dopamine solutions
(100 puM) in PBS was polymerized using 0.6 mL of NaOH (final concentration in the
solution is 20 mM) for 3 h. Then therpales were purified using mdmane dialysis.

2 UL of purified particles dripped on a Tranission electron microspy (TEM) grid

and morphology of the particles were investigated using a TEM (Tecnai G2 F30, FEI).
For dynamic light scattering (DLS) measurements 100 uM of dopamine polymerized
in PBS for 3 h. Then particles filtered with 1 pm syringe filter and their size
distribution measured with Zetasizer Nanoseries (Malvern Instruments).

Sopping the oxidization reactionin order to stop polymerization reaction excess
acid can be added to the polymerization solution. For instance, 2 mL of dopamine
oxidization solutim in which final concentrations of dopane and NaOH are 100 uM
and 20 mM, respectively, is stopped using 42 uL of 1 M HCI.

Sensitiity and selectivity experimentreshly prepared dopamine stock solutions
were diluted in PBS to give final volume oBImL and concentrations ranging from
0.1 to 20 pM. Polymerization reactions were initiated using 200 pL of NaOH (final
concentratia is 20 mM). After 30 min, redions were stopped using 42 pL of 1 M
HCI and solutions were further incubated for 10 minoFéscence spectra of solution
were recorded (excitation wavelength is 370 nm). For selectivity experiments

concentration of all interfering chemicals (ascorbic acid, uric acid, urea, glucose,
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sucrose, aspartic acid, lysine, alanine and glycine) was 0. ama\bther parameters
were same with the sensitivity experiments. All experiments were performed in
triplicate.

Absorption based assayhe samples were prepared using the same experimental
parameters with the fluorescence assay. Absorption ofddization solutions (DA
concettration were between 0.5 and 20 pM) at 360 nm were recorded usingvasUV

absorption (Cary 100, Varian) spectrophotometer.

7.3 Synthesis and Characterization of Fluorescent

Polydopamine Nanoparticles

Under alkaline conditions DA ispontaneously oxidized to its quinone derivative
and then autgolymerized tdorm PDA (Figure 7.1)213, 214]

S X
()
NaOH °°-°°
% - -
oxidization polymerization o o
FL o O °
O
A O Fluorescent
Dopamine Quinone PDA nanoparticles

Figure7.1: Schematic representation of fluorescent PDA nanopaftioieation.

Polymerization of DA solution (1 mM) in PBS (pH 7.4) wassitu investigated
using U\Vis spectrosopy for 3 h (Figure 7.2). After NaOH addition (final
concentration is 20 mM), a peak around 350 nm appeared which indicates the quinone
formation [214] and its intensity gradually increased for 3 h. The broad peak around
470 nm shows the intramolecular cyclization of the quinone deriviaivg which is
an intermediate product in the polymerization of DA (Figure inge) [213]. After
10 min this broad peak disappeared and absorption at all wavelengths between 400

and 700 nm increased gradually which shows the formafi®@DA [214].
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Figure7.2: Time dependent UWis absorption spectra of 1 mM DA solution. Oxidization is
started using 20 mM (final concentration) NaOH. The broad band increase in thatiahsor
indicates PDA formation. Inset shows the peak formed around 470 nm at the first stages of
polymerization.

In order to characterize the PDA nanoparticles formed after 3 h of oxidization
reaction, we polymerized 100 uM DA using 20 mM NaOH. Partide distribution
of PDA naroparticles is given in Figure 7\8hich shows the broad size distribution
of particles with diameters ranging from a few nanometers to hundreds of nanometers.
Figure 7.3 inset shows the TEM image of 3 h oxidized PDA particlesAPD
nanoparticles were irregular in shape and have broad particle size distribution which
Is in accordance with DLS results.
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